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ABSTRACT
Degree: Doctor of Philosophy
Author’s name: Qutaiba M. Saleh
Advisor’s name: Prof. Dr. Edward Hensel
Dissertation title: Methods for Quantifying Power Characteristics and Chronic
Patterns of Use Behavior of Electronic Vaping Products
Background The complexity and variety of inhaled tobacco products have increased
significantly with the introduction of Electronic Nicotine Delivery Systems (ENDS).
Product characteristics and human behavior are the main factors affecting products’
emissions, consumption, and health effects. Combining the understanding of these
two factors informs the next generation of regulations of these products. Quantifying
use patterns helps health care professionals provide informed treatment of users
addicted to nicotine and tobacco products. The literature lacks comprehensive studies
to characterize ENDS hardware and operation, such as heating element resistance,
battery performance, power, and thermal management. Human behavior is measured
as use topography, a temporal signal of the interaction between the user’s mouth
and the product. Traditional analysis of use topography focused on short-term
puff dynamics, and overlooks extended session dynamics. The literature lacks the
appropriate parameters and tools to quantify session dynamics over a long duration
(i.e. days, weeks, months).
Method and validation This dissertation focuses on two aims: The first aim is to
design methods to characterize the hardware and operation of modern ENDS devices
and test their effects on ENDS performance. Parts of ENDS devices are repurposed to
produce product-specific testing apparatus of effective coil resistance for several ENDS
products. The effects of manufacturing variation in coil resistance on coil lifetime and
Total Particulate Matter (TPM) are measured for one of the most popular pod-style
ENDS. A method for dynamic measurement of electrical signals in modern ENDS is
presented and validated for ENDS power management characterization. The second
aim is to design and validate algorithms for quantifying chronic use topographies
associated with inhaled tobacco products. The quantifying tool is designed based on
autocorrelation to quantify chronic topography parameters including session period,
and session duration as random distributions. These distributions provide insights
into session topography dynamics over a day, a week, a month, and longer.
Results Significant variations in coil resistance were observed within and between
brands such as the difference of 0.593 [Ω] (p < 0.001) between JUUL and Vuse ALTO.
The mean resistance and standard deviation of the coil assemblies was shown to be
µ= 1.031 (σ= 0.067) [Ω] for Vuse ALTO and µ= 1.624 (σ= 0.033)[Ω] for JUUL. The
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variation in coil resistance between products and within products can have significant
impacts on aerosol emissions. Dynamic measurement of power in Vuse ALTO showed
that voltage is delivered to the coil as pulses of 119.5 Hz with duty cycles of 0.3 0.6 which found to be correlated with the energy and change in temperature in coil.
The mass of the generated aerosol per puff was correlated with the energy per puff.
Quantifying session topography method successfully worked with puff period, session
period and session duration with mean absolute percentage error of 1.18 [%], 2.92 [%],
12.59 [%] respectively. The method showed resiliency to session dynamic variation
with accepted percentage of 99.98 [%], 92.39 [%], and 76.21 [%] for puff period, session
period and session duration respectively. The method appears sufficiently valid and
robust for analysis of natural environment human subject behavioral studies of tobacco
product use.
Conclusions The absence of e-liquid in the pod is an important factor in causing
coil failure. Small bits of the degraded coil could be potentially introduced to the
aerosol. Energy is an important, if not the most important, contributor to the yield
generated form an ENDS. A method was demonstrated to dynamically measure coil
temperature based on temperature coefficient of resistance (TCR). It was also shown
that coil temperature can be controlled by the ENDS by changing the energy delivered
to the coil per pulse which is intern controlled by duty cycle of the pulses using the
PWM algorithm. The quantifying session topography method provides high value in
investigating the effects of user environment such as a day of week on session dynamics.
It also demonstrated an example of using the method for quantifying how product
characteristics such as e-liquid flavors and nicotine concentration may moderate use
behavior.
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Chapter 1

Introduction and Literature Review

1.1

Significance

Tobacco usage is categorized by the World Health Organization (WHO) as an epidemic
which causes the biggest public health threat in the history [8]. It is estimated that
there are 1.3 billion tobacco users around the world. More than 7 million people
die each year as a result of direct tobacco use [8]. 40 million adults in the US use
tobacco products and 4.7 million middle and high school students use tobacco products
including ENDS [9]. $225 billion is spent each year in the US on medical care to treat
smoking-related disease [10].

1.2

Tobacco Products

The Food and Drug Administration (FDA) definition of tobacco products covers a
wide range of products that deliver nicotine to the user including those which may or
may not use tobacco leaves [11, 12]. Some of these products deliver nicotine through
inhalation, such as cigarettes, while others deliver nicotine trough other processes such
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as chewing tobacco, dry snuff, nicotine gel. This research focuses on three types of
inhaled nicotine products: Electronic Nicotine Delivery System (ENDS), combustible
cigarettes, and water pipe (hookah).

1.2.1

Electronic Nicotine Delivery Systems (ENDS) Theory of
Operation

An electronic cigarette is a device which generates puff-able aerosol which usually
contains nicotine. While combustible cigarettes burn tobacco leaves to generate the
aerosol (smoke in this case), electronic cigarettes heat chemically prepared liquid
to its saturation (vaporization) temperature to generate the aerosol. The liquid,
usually referred to as e-liquid, consists of several essential components including
nicotine, propylene glycol PG, glycerin GL. An electronic cigarettes is widely known
as Electronic Nicotine Delivery System (ENDS). Some electronic cigarettes which are
used with nicotine free e-liquids are called Electronic Non-Nicotine Delivery System
(ENNDS) [8]. Electronic cigarettes have been publicly and in the market referred to
as "vapes", "vape pens", "vapors" and several other names. Some types of electronic
cigarette have been used for cannabis delivery. While the premises and conclusions of
this research could be applied to wide range of forms and types of vaping devices, the
core focus of this research is on ENDS. The terms electronic cigarette, e-cig, e-cigarette
and ENDS are interchangeably used in this document.
Figure 1.1 shows components of a typical ENDS. The main hardware parts are power
source, heating element, e-liquid reservoir, and power control unit (PCU). The power
source is usually a rechargeable lithium battery. The capacity and number of batteries
used in an ENDS is determined by the manufacturer based on the type and power
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consumption of the ENDS. The heating element is usually a coil which is used to
heat up the e-liquid. Various shapes and forms of coils have been used in the ENDS
currently available in the market. The term "coil" is used herein to refer to all
geometries of heating elements. Some ENDS contain more than one coil in order to
provide more power to the device. A wick is often attached to the coil in order to
supply e-liquid to the coil. The coil and wick in some designs are separated in a small
compartment which is usually referred to as the aerosol generation chamber. These
three components coil, wick and aerosol generation chamber sometimes referred to
as the atomizer. The e-liquid reservoir is where the e-liquid stored. The reservoir
is different depending on the type of ENDS. The PCU contains electronics which
control energy delivered to the coil, manage the user interface, and withdraw or replace
(recharge) energy to the battery.The four subsystems interact with one another in an
integrated manner. Variation in one component, such as the coil, may have different
impacts on aerosol generation depending upon its interaction with the PCU and the
battery.

Figure 1.1: Schematic of typical ENDS major components.
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Activation is when power is supplied to the heating element of the device to start
generating aerosol. Two types of activation have been observed in ENDS: button
activation and auto-activation. Button activation devices have a button pressed by the
user to supply power to the heating element. Users usually press the button a short
moment before they start puffing on the device. However, some users intentionally
press the activation button for a longer duration (one second or more) before they
start puffing on the device. This duration is to preheat element heat the e-liquid to a
degree at which more condense and warm aerosol is generated once they puff on the
device. This type of activation is popular in the box mod style. The auto-activation
utilizes a pressure drop sensor to detect when the user starts puffing. The sensor feeds
its signal to the PCU electronics, which activates the heating element by supplying
power. This type of activation is popular in the pod style ENDS.
Open system ENDS provides flexibility for the user to alter several characteristics
of the device. In these types of devices, the e-liquid reservoir is refillable, where the
users can refill the reservoir with their own choice of e-liquid. Some designs provide
the flexibility to replace the coil. Some devices are equipped with tool kits to make
the coil from wires. This system may enable other component replacements such as
wick replacement, battery, mouthpiece, and more.
Closed system ENDS provides no or little flexibility compared to open systems.
For instance, in closed systems, e-liquid reservoirs are designed to be disposable, not
intended to permit e-liquid refills by users such as JUUL and ALTO Vuse. The
disposable style ENDS, such as Puff Bar and Hyde, is an entirely closed system where
the whole device is thrown away after usage, usually when the e-liquid is consumed.
The aerosol generation performance of an ENDS is jointly dependent upon the
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physical characteristics of the ENDS pod, PCU and battery [13, 14, 15, 16, 17, 18],
characteristics of e-liquid in the reservoir [2,3,5,7], and user behaviors of puff flow rate
and puff duration [1,8–12]. Understanding the theory of ENDS operation elucidates
potential effects of variation in resistance arising from interactions with the PCU
and battery. All ENDS are fundamentally heat and mass transfer devices, which are
commonly studied in engineering disciplines [13] for medical, industrial, residential and
commercial products. The purpose of the heating coil is to convert electrical power
discharge from the battery into thermal power dissipated inside the coil. The resulting
thermal power (W) is distributed via heat conduction to the surface area of the coil as
a heat flux (W/m2), which is then transferred to the surrounding air/e-liquid via heat
convection. As the e-liquid solvent temperature reaches its saturation temperature
(the effective boiling point of the e-liquid mixture associated with each constituents’
partial pressure), mass transfers from the e-liquid reservoir into the air stream to
form an aerosol. The combination of surface heat flux, coil surface temperature,
heat and mass transfer coefficients and e-liquid composition jointly affect the rate of
aerosol generation. The aerosol generated at the interface between the coil and e-liquid
experiences further changes as it progresses through the flow channel of the ENDS
toward the user. While the effectiveness of aerosol generation is impacted by many
factors, our premise is that it is dominated by the electrical energy from the battery
dissipated as thermal energy in the coil. The amount of heat energy, E, in Joules (J),
dissipated in the coil is defined as the product of the instantaneous direct current
power, P, supplied to the coil, in watts (1 W ≡ 1 J/Sec), and time duration over
which the power is supplied (Sec). The power is a function of the electrical current,
Icoil (A), flowing through the coil, the voltage, Vcoil (V), applied across the terminals
of the coil, and resistance, Rcoil (Ω) of the coil itself as shown in Equation 1.1.
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(1.1)

The coil resistance is an inherent physical characteristic of the coil which depends
primarily upon the composition and purity of the coil and its geometry. In this study,
we include the internal electrical connections between the coil and the pod housing to
quantify the effective resistance of the coil assembly. The voltage, Vcoil, and current,
Icoil, passing through the coil are related to one another using the classical definition
of Ohm’s law, Vcoil = Icoil × Rcoil, from physics [14]. The PCU controls the duration
over which power is supplied to the coil. The PCUs employed in early ENDS designs
simply shorted the voltage available from the battery across the coil for an interval of
time. As the battery discharged over time, its available voltage decreased and hence
the power delivered to the coil decreased. All modern ENDS PCU designs control
the time duration of power delivery, while some PCU designs actively control the
current, Icoil, flowing through the coil. Other designs actively control the voltage,
Vcoil, applied across the terminals of the coil. Fully understanding the effects of
variation in coil resistance, Rcoil, on aerosol emissions cannot be accomplished without
understanding the logic implemented in the ENDS PCU.
Equation 1.1 shows that the desired power of an ENDS can be achieved by a specific
ratio of coil resistance and applied voltage. In the lowest-cost ENDS designs, the
applied voltage is limited by physical constraints of the most common lithium batteries,
which peaks at approximately 3.7 (V) and decreases as the battery discharges. Highercost ENDS designs may actively control the output voltage using a “boost” converter
[15], at the penalty cost of reduced operating time between recharging. ENDS
manufacturers, over time, have sought to increase the power dissipation in the coil in
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order to increase the rate of e-liquid aerosolization. Given the physical limitations
of low-cost rechargeable lithium batteries, ENDS designers choose to reduce the coil
resistance as the most appealing parameter to increase power. This is illustrated by
an example. Consider an ENDS designer who specified a power level of 12 (W) and
a lithium battery operating at nominally 3.7 (V). Equation (1) dictates that a coil
resistance of 1.14 (Ω) should be used. If power of more than 12 (W) is desired, even
smaller resistance is required. Otherwise, a stack of two or more batteries connected
in series or a DC-to-DC boost converter can be used to step up the applied voltage
[15]. Using two batteries is not a desirable solution, because it increases the cost,
weight and volume of the ENDS. Boost converters are increasingly common in modern
ENDS but appear to be primarily used as a means to extend operating lifetime and
maintain steady power while the battery discharges.
The desire for high-power ENDS pushes designers to increasingly use coils with low
resistance values, which led to the introduction of the sub-ohm devices which use coils
that have a resistance of < 1 (Ω) [16,17]. Reducing the coil resistance to 0.068 (Ω)
permits instantaneous power as high as 200 W. The sub-ohm devices are reported
to satisfy several features desired by users such as intense flavor, warm vape and big
clouds, which is associated with high airflow that is suitable for the direct-to-lung
inhale style [18,19]. Sub-ohm coils are mostly available in the box-mod ENDS style;
however, some pod-style ENDS started to use coils with resistances of less than 1 (Ω)
such as SMOK2 pod (0.8 (Ω) and NORD2 (0.3, 0.4, 0.6 (Ω)) [20], TARGET PM80
(0.2, 0.3, 0.6, 0.8 (Ω) [21], and Z-BIIP (0.48 (Ω)) [22].
Several studies investigated the effects of power values on the performance of ENDS
devices while others focused on coil resistance values. As demonstrated with Equation
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1.1, power levels can be controlled in real time by manipulating the applied voltage
and current, or by installing a coil with a different resistance. The power level of
an ENDS may be increased by increasing the applied voltage (which has the effect
of increasing the current) or by decreasing coil resistance values while keeping the
applied voltage constant. The same approach can be followed for decreasing power
levels. For this reason, most of the results achieved from the studies focusing on
power and voltage values can be generalized to coil resistance values with appropriate
adjustments and vice versa. However, it is essential that studies investigating the
effect of power on emissions document both the power dissipation and coil resistance
in order to make results generalizable to other products.

1.2.2

ENDS Generations and Styles

ENDS Generations
The design presented by Lik Hon in 2003 [19] can be considered the first successful
commercial design. Since then several styles and designs of electronic cigarette have
been presented in the market. Over time, the features and capabilities of these designs
evolved where each generation presented more sophisticated features compared to the
next one [20, 21]. The ENDS can be classified chronologically into four generations.
Next is the main features of each generation:
Gen I ENDS tried to mimic the regular combustible cigarette in terms of shape
and features. For this reason they are called cig-a-like. This generation presented
very simple features, and mostly used disposable batteries and e-liquid reservoir.
Some of the devises in this generation were designed as one disposable piece. While
several features added in the next generations, the popularity of cig-a-like style ENDS
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declined.
Gen II ENDS presented shortly after Gen I, with several new feature such as large
size and battery capacity. The devices in this generation are bigger and did not
resemble the shape of combustible cigarettes. The pen style and box style ENDS were
introduced in this generation. The bigger size devices allowed using batteries which had
larger capacity to allow them to work for longer duration and provided higher power
to the heating element to generate aerosol with higher nicotine concentration. They
also included adjustable capabilities by the user to select puff duration and frequency.
The e-liquid reservoirs in this generation varied between disposable, replaceable, and
refillable.
Gen III devices improved the capabilities of Gen II in terms of battery capacity,
PCU capabilities and user modification capabilities. The bigger and multiple batteries
used in this generation allowed for higher voltage supply. More sophisticated PCUs
were used to allow for temperature and power control of the heating element to ensure
stability in aerosol generation. Some types of devices included a small screen with
user interface to select features such as maximum power and maximum temperature.
Some devices in this generation allowed the users to adjust the resistance of the coil
used as heating element. Using coils with lower resistance allowed increasing heating
power of the device to generate more dense and richer aerosol.
Gen IV had two distinguishing features over the last generation: first was the usage
of sub ohm coils and second improved PCU capabilities and user interface. Using coils
with very low resistance (as low as 0.15 [Ω]) enables power consumption of up to 200
[W]. The user interface of in this generation was improved to include color screens
and more control.
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ENDS Styles
The features presented in the different generations are mixed in the ENDS currently
available in the market. For instance, while cig-a-like style was presented in the first
generation, current devices of this style had improved with capabilities borrowed from
newer generations. The pod style ENDS introduced as a third generation device which
had improved PCU to regulate power supply to the heating element. However, pod
style devices lack a user interface to select power and temperature level. For this
reason, another non-chronological classification of ENDS is necessary to understand
the types and styles of devices currently available in the market.
In general the ENDS currently available in the market can be categorized under five
styles. Figure 1.2 shows examples of these five ENDS styles. Next are these styles
with a brief description of each one.

Figure 1.2: Examples of five ENDS styles currently available in the market: Cig-a-like,
pen style, box mod, pod style, and disposable. This figure was compiled with images
obtained from the marketing page of each respective manufacturer.
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Cig-a-like is the oldest style of ENDS and has been available since the first generation
of electronic cigarettes. The name "cig-a-like" is due to its small size and aesthetic
similarities with conventional combustible cigarettes. This type of device may contain
rechargeable or disposable batteries. They provide very limited user control and usually
with puff or button activation feature. Newer versions of this style has more capabilities
compared to the older versions such as battery capacity and power regulation.
Pen style is bigger than cig-a-like style with cylindrical shape which look like a pen
or a small screw drivers. This style was originally called a second generation ENDS.
It is usually used with a disposable e-liquid reservoir which is connected to the PCU
using a screw connector. Various shapes and types of connectors have been used in
this style and there is no well defined standard for these connectors.
Box Mod is the biggest style currently available in the market. The PCU is shaped
as a rectangular box which contains the battery, PCU electronics, and user interface.
The e-liquid reservoir (tank) is usually cylindrical shape which contains e-liquid, coil,
wick, and the appropriate mouthpiece for aerosol deliver. The tank is connected to
the PCU using a coaxial connector. To the best of my knowledge all the box mode
style devices currently available in the market uses 510 thread connector to connect
the tank to the PCU. This style provide the most interchangeable flexibility among all
other styles. Users can alter the device settings using the user interface in the PCU
such as maximum power and temperature. This style can be considered as the most
open. Users can refill the e-liquid reservoir, replace coil and wick, or even change the
entire tank. The interchangeability between tanks is one of the important features of
this style where a tank of one device from a particular brand can be replaced with
a tank from another device produced by a third party company. This feature is a
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result of using a semi-standard connector to connect the tank the PCU (510 thread).
This style usually utilizes two lithium batteries connected in series to provide higher
power for the heating element. The 18620 lithium battery [22] appears to be the most
commonly used in this style.
Pod style is characterized by its small size shaped as a USB thumb drive. This style
was introduced during the third generation wave of devices. It dad, however, mixed
features from the first and second generations. It used a small disposable e-liquid
reservoir which contains a heating element, a wick, and an aerosol generation chamber
called the pod. The pod is usually partially inserted into a housing in the PCU body.
There is no standard for the shape and size of the housing nor the electrical connection
between the pod and the PCU. Some devices in this style had an auto-activation unite
based on pressure drop sensor while others utilized button activation. The small size
of this type of ENDS made it appealing for users especially youth, where they can
use it while hiding it in their hand. JUUL and ALTO are two examples of the most
common used pod style devices.
Disposable style is very similar to the pod style. While disposable ENDS devices
are available in the cig-a-like and pen styles, the disposable style described here as
separate style due to its recent popularity. These devices are presented as one piece
which contains all the subsystems of pod style devices. The batteries in the disposable
style devices are pre-charged during manufacturing and are not rechargeable by the
user. These devices can not be refilled with e-liquid when the e-liquid is consumed.
The device is discarded simply when it stop properly working due to fully discharged
battery and/or fully consumed e-liquid. Puff bar and Hyde are two examples of this
style of ENDS.
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E-Liquid

There are two main categories of e-liquid: water soluble and oil based e-liquids. The
water soluble e-liquids are the most common type of e-liquids used in ENDS. The
fatty oil base e-liquid is totally different type of e-liquid and it is commonly used for
cannabis delivery. This study focuses on the water soluble e-liquids as it is almost
exclusively used for nicotine delivery purposes.
E-liquid is the main consumable part in the ENDS. While it is not considered a
component of the ENDS, it is the primary ingredient which generates the aerosol.
E-liquid consists of a combination of chemical constituents which are mixed in various
ratios. These constituents can be classified into two groups: the first group is the
solvent or essential and the second group are the additives which are added to the
solvent for various purposes.
Essential Components of E-liquid Solvents
The essential components of an e-liquid are nicotine, propylene glycol (PG), and
glycerine (GL). These constituents are the primary factors which manufacturers use
to adjust e-liquids. For instance manufacturers can adjust the PG/GL ratio and the
nicotine concentration.
Nicotine is main cause of addiction for the users. It is an alkaloid which is added
to the e-liquid as a free-based or in form of salt. Nicotine salt is a free nicotine which
is added to a specific type of acid to form an acid based salt. E-cig and e-liquid
manufacturers are claiming that adding nicotine inform of salt to the e-liquid is more
satisfactory to the user compared to adding nicotine in its free form.
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PG is used primarily to generate the aerosol. It is considered the carrier of nicotine
particles in the aerosol. PG has relatively low saturation temperature which requires
less energy to heat up to the vaporization temperature. This feature makes PG an
energy efficient constituent for aerosol generation. PG, however, causes a harsh feeling
in the user’s throat during inhalation. PG has been frequently used as an additive in
food products and been generally regarded as safe (GRAS) for ingestion, but is not
listed as GRAS for inhalation. The effects of PG when inhaled is not fully understood
yet.
GL is added to the e-liquid mixture in order to reduce the harshness feeling as
GL has more soothing feeling compared to PG which make the total feeling of the
e-liquid more acceptable to the user. GL has a higher saturation temperature than
PG. Adding GL to PG increases the saturation temperature of the mixture and, as a
result, requires more thermal energy to vaporize. E-liquid manufacturers uses different
PG/GL ratios to trade off between power consumption to heat the e-liquid and the
acceptability to the user.
Sensitivity of the GL maybe dependent on the nicotine concentration. In general,
they may use higher nicotine concentration for more addicted users and lower nicotine
concentration for less addicted users.
Additives in E-liquid
Additives is the second group of the components in the e-liquid solvent mixture. There
might be hundreds or thousands of different ingredients which could be added to
the various types of e-liquid. Coloring and flavors are ones of the common additives.
Menthol is one example of the most used flavors.
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Flavors are the most common additive in e-liquid. Menthol is an additive which
remains permitted under current FDA regulations. Menthol has been reported as a
confounding factor to addiction and may be particularly relevant to under-represented
population. Flavor additives are compounds in the e-liquid which remove or reduce
the harshness of the nicotine while leaving the user with sweet taste and smell. Thus,
flavors could lead to more pleasurable and satisfactory experience for the user which
make smoking e-cigs more appealing compared to regular combustible cigarettes.
This feature could be claimed to be one of the reasons why some user switched from
using regular cigarettes to using electronic cigarettes. The same feature, however,
attracts new users to try e-cigs, especially younger users. [23, 24, 25, 26]. Tremendous
numbers of flavors have been used in the e-liquid around the world to give users
different experience when using e-cigs [23, 8]. Figure 1.3 lists tens of different examples
of e-liquid flavors classified in a wheel figure [2]. The increasing number of flavors
provides products selecting choices for the users and increases the risks of initiation
smoking. A study showed that 70% of young users (ages 12-17) smoke because they
like the flavors [8].
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Figure 1.3: Flavor wheel classification of e-liquid flavors reproduced from Krüsemann
et.al. [2].

The acid used to form nicotine salts can be considered another common additive
to the e-liquid. Lactic, benzoic and levulinic are the main types of acids used to create
nicotine salt [27].
All additives have their different effects and chemical byproducts in the generated
aerosol and they are subject to various regulations around the world. For instance, in
the US in 2018, the FDA banned selling of flavored e-liquids other than nicotine and
menthol [28] while they are still legally used in several other countries. Acid additives
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are not banned yet.

1.2.4

Combustible cigarettes

Combustible cigarettes are the most popular form of tobacco products used globally
[29, 30]. The basic theory of operation of cigarettes is burning actual tobacco leaves to
generate inhalable smoke containing nicotine and other chemical products [3]. Figure
1.4 shows the essential components of a typically manufactured cigarette, including
tobacco, chemical additives, paper wrapping, and a filter. The tobacco fill is made
from shredded tobacco leaves [31, 32]. During manufacturing, chemical compounds
are added to the tobacco for various purposes such as reducing smoking harshness,
flavoring, and preserving the tobacco [33, 34]. The wrapper paper covers the tobacco
and holds it in a cylindrical shape. The wrapper paper burns with the tobacco during
usage, and the generated smoke mixes with the inhalant [35]. The filter is at the
mouth tip of the cigarette. It is made of thin, hair-like fibers, such as cellulose acetate
fiber [35, 36]. A piece of wrapping paper covers the filter and attaches it to the other
components of the cigarette. Some manufacturers add ventilation holes to the filter.
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Figure 1.4: Components of a typical combustible cigarette. Parts of the figure are
adapted from a poster published by the Food and Drug Administration (FDA) [3]

At usage, the user ignites the tobacco end of the cigarette, and tobacco starts smoldering. The user puffs on the filter end of the cigarette to inhale the generated aerosol.
The cigarette is usually used until the tobacco is completely burned and turned into
ashes. Some users might accidentally continue to use the cigarette until causing part
of the filter to burn.
Combustible Cigarettes Characteristics The internal flow resistance of combustible cigarettes has been characterized as higher than other types of tobacco
products. The flow resistance affects user inhalation behaviors. Use time of a single
combustible cigarette is shorter than other types of tobacco products such as waterpipes. Consuming a single cigarette depends on several parameters. However, it
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usually takes no more than 10 minutes with about 10 puffs.

1.2.5

Waterpipes

The waterpipe, also known as hookah, shisha, narghile, arghile, or goza, is a type
of combustible tobacco product that uses actual tobacco to generate the inhalant.
Over its hundreds of years of existence, variations of waterpipe configurations have
been developed. Due to its historical multinational origins and popularity, there is
inconsistency in the terminology used for this product’s parts. This review presents
additional names in parenthesis for some parts to cover the terminology variation.
Figure 1.5 shows a picture and a schematic of a typical waterpipe. The main components of the waterpipe are bowl (head, cup), body (stem, pipe), water jar, and hose.
The bowl (head, cup) is usually made of clay, glass, silicon, or marble. The bowl
(head, cup), with the tobacco inside, is usually covered with perforated aluminum foil.
The charcoal is placed on top of the aluminum foil. The base of the bowl (head, cup)
contains hols that lead to the body (stem, pipe). The body runs about halfway inside
the water jar. The down end of the body (stem, pipe) is immersed about an inch in
the water. The hose is about 3-4 feet in length. One end of the hose is connected to
the empty top side of the water jar, while the other is connected to the mouthpiece.
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Figure 1.5: A picture and a schematic showing components of a typical waterpipe
(hookah). Parts of the figure are adapted from a picture on Wikimedia Common [4].

At usage, the user ignites pieces of charcoal and places them on top of the covered bowl
(head, cup). The user puffs on the mouthpiece end of the hose. The puff generates a
vacuum in the water jar, which is filled by air coming down through the bowl and
the body, causing bubbles in the water. The hot air, heated by the charcoal, passes
through the aluminum foil to the tobacco, causing it to burn slowly and generate
smoke. Next, the smoke passes through the body into the water, which cools and
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humidifies the smoke. Finally, the smoke passes through the hose to the user’s mouth.
Waterpipe Consumables Waterpipes use two types of consumables: tobacco
and charcoal. Flavored tobacco, also known as maassel, is the predominant type of
tobacco used with waterpipes. The maassel is available in various flavors such as apple,
mint, cherry, chocolate, coconut, licorice, cappuccino, and watermelon. In addition to
flavoring, several other chemical additives are used with the maassel. The charcoal is
available in several forms and shapes. Natural charcoals and quick-lighting are among
the most popular types. Some manufacturers provide battery-powered heaters which
are used to heat tobacco instead of charcoals.
Waterpipe Characteristics The volume and constituents of smoke generated by
waterpipes vary depending on several factors such as type and amount of used tobacco,
type and size of charcoal pieces, amount of water in the water jar, and topography
behavior. The internal flow path resistance is characterized as lower than that of a
combustible cigarette. Use time of waterpipes is characterized as longer than other
types of tobacco products. Consuming the entire amount of tobacco in the bowl (head,
cup) depends on several parameters. However, usually it takes up to 45 minutes or
more hundreds of puffs.

1.3

Tobacco Products Research and Regulation

In the US, the Food and Drug Administration (FDA) is responsible for regulating
tobacco products. Analogous governmental agencies regulate these products in other
countries around the world. The regulations are based on scientific research on these
products and the related human and environmental factors. In collaboration with
the FDA, the National Institute of Health (NIH) leads and funds various aspects of
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research related to health effects of tobacco use in the US. In addition, the World
Health Organization (WHO) plays an essential role in the international collaboration
and synchronization of efforts in both research and regulations of tobacco products.

1.3.1

Nicotine Delivery Systems Research Framework

Nicotine delivery systems (both combustible and non-combustible) have been targeted
by studies from various angles. For example, some studies focus on the health effects
and toxicity of the products while others focus on the emissions and chemical analysis.
The Respiratory Technology Lab (RTL) at Rochester Institute of Technology proposed
a research framework which encapsulates the different aspects of research related to
nicotine delivery systems under certain topics and shows the influential relationships
among these topics. Figure 1.6 shows the research framework which includes six
topics including Product characteristics, Topography, Consumption, Emissions, Health
Effects, and addiction and Toxicity.
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Figure 1.6: Respiratory Technologies Lab (RTL) representation of research topics
on nicotine delivery system. It shows the connection between the different research
perspectives putting Product Characteristics as a center and starting points for the
other aspects including Consumption, Topography, Emissions, Health Effects, and
Addiction and Toxicity.

Product characteristics targets understanding the properties of the hardware
components and consumables, and their influence in the performance of the device.
This topic also includes controlling methods, power management, software and user
specific settings and manipulation of the product.
Topography is a representation of users’ puffing behavior as a time series signal
which is characterized by parameters such as puff flow rate, puff duration and more.
In a wider definition, topography covers users’ practice over long periods of time. In
this model topography is influenced by product characteristics.
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Consumption is the over time intake of inhalant via the mouth during puffing.
Total Particulate Matter (TPM) is an example of the parameter used to measure
consumption. Consumption is affected by product characteristics and topography
(user behavior).
Emissions includes all materials generated by the nicotine delivery system and
delivered to the user during the puffing process. Aerosol, smoke, vape and all other
names are included under the emission umbrella. Studies of emissions usually include
chemical analysis of the various compositions of the matter generated, aerosolized, or
evaporated by the product such as the nicotine alkaloids and the other harmful and
potentially harmful constituents (HPHCs). The volume and constituents of emissions
is affected by product characteristics and topography (user behavior).
Health Effects, and Addiction and Toxicity focus on the influence of consumption and emissions on the user. These topics study the effects of using nicotine delivery
systems from health and psychological perspectives.
This framework highlights the importance of product characteristics and topography
(user behavior) in understanding and informing the regulation of nicotine delivery
systems.

1.3.2

Tobacco Regulatory and Research Efforts in the US

Tobacco Regulations in the US
In the US government, the regulatory and research related to tobacco products is
essentially conducted and supported by the Department of Health and Human Services
(HHS). These efforts are mainly led by three specific HHS agencies:
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The US Food and Drug Administration (FDA) is responsible for monitoring
and regulation of wide range of products such as drugs, medical devices, biological and
food products [37]. In 2009, the US congress passed the Family Smoking Prevention
and Tobacco Control Act which gives the FDA authority to regulate the manufacture,
distribution, and marketing of tobacco products [38]. The Center for Tobacco Products
(CTP) is a subsection of the FDA which oversees the implementation of this act [39].
Some of the responsibilities of the CTP are defining performance standards of tobacco
products, reviewing premarket applications for tobacco products, issuing restrictions
for marketing and advertising of tobacco products. On May 5, 2016, the FDA issued the
final deeming rule which extends the FDA’s tobacco product authorities to additional
categories of products such as ENDS [11].
The US Center for Disease Control (CDC) can be considered the public health
enforcement arm of the federal government. Their responsibility is mainly to respond
to public health events. The Office on Smoking and Health (OSH) is a subsection of
the CDC which lead the CDC’s efforts to protect the public’s health from the harmful
effects of tobacco use. Some of their goals are preventing initiation of tobacco use,
promote smoking cessation, and eliminate exposure of secondhand smoke.
The National Institute of Health (NIH) is leading the medical and behavioral
research in the US. Several NIH programs support research projects on tobacco use
prevention from various angles including regulatory science, tobacco control, health
effects, addiction, cancer prevention, and behavioral research. In some of these
programs, the NIH cooperates with other federal agencies to achieve common research
objectives. For example, the Tobacco Regulatory Science Program (TRSP) implement
joint collaborative efforts between the NIH and the FDA/CTP.
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While the FDA has regulatory authority over tobacco products in the US, the CDC
and NIH have a vital role in the enforcement and informing of these regulations.
These three agencies collectively lead the governmental efforts in the regulation of the
tobacco products.
Tobacco Research in the US
Several programs have been lunched by several governmental agencies to support
tobacco research projects. Most of these programs are funded and managed by FDA
and NIH. Considering the multidisciplinary nature of the tobacco research, these
programs supported projects in several scientific fields including biology, medicine,
epidemiology, chemistry, toxicology, pharmacology, behavior, addiction, public health,
engineering, economics, communications, marketing, and statistics [40].
Tobacco Centers of Regulatory Science (TCORS) is an example of the
outcomes of the interagency partnership between FDA and NIH. This program
represents a theme of the tobacco research efforts in the US. The TCORS are research
centers supported to generate results which inform FDA’s regulation of tobacco
products. In the first round of this program (TCORS 1.0), 14 research centers were
funded with a total of $273 million in a duration of five years 2013-2018 [41]. TCORS
2.0 is supporting 9 research centers with a total of $151 million in grants over FY
2018-2022. Proposals of the third cycle of TCORS are due in July of 2022. It is
anticipated that multiple centers will be funded by by the Federal Government in the
years 2023-2028. The TCORS centers are expected to provide evidence based results
in specific scientific domains related to tobacco products including toxicity, addition,
health effects, user behavior, communicate health effects to the community, marketing
of tobacco products, and impact of potential FDA regulatory actions.
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Characterization Studies

Much of the text presented in subsection 1.4.1 has been adapted from previously
published creative commons articles [5, 7].

1.4.1

ENDS Product Characteristics

Previous studies have shown that coil resistance affects both the amount of vapor
generated and constituents. Cirillo et al. 2019 [23] showed that reducing coil resistance
leads to higher concentrations of some carbonyls and reactive oxygen species (ROS).
Their research also reported that vapor generated by coils with lower resistances has
a higher negative impact on cell viability. The same research group [24] also showed
in a separate work in 2019 that the production of selected aldehydes increased as coil
resistance decreased from 1.5 (Ω) to 0.25 (Ω). The effects of the aerosols generated by
the two coils on Sprague–Dawley rats was studied. The rat group exposed to the 0.25
(Ω) vape showed disorganization of alveolar and bronchial epithelium. The same group
also showed higher perturbation of the antioxidant and phase II enzymes compared
to the 1.5 (Ω) groups. Gillman et al. 2016 [25] studied the effects of changing power
on the total yield mass and the formation of aldehyde. Their results showed that
power has significant impact on the concentration of aldehyde in the vapor. Although
their main focus was power, they used several coils with various resistance values to
control the power. This indicates that in this study, the physically important factor is
resistance values, as already demonstrated in Equation (1). Chausse et al., in 2015 [26],
suggested coil resistance could be the key to lung toxicity. Their analysis showed that
the combination of certain voltage and coil resistance values may lead to a high impact
on human health. Hiler et al. 2019 [27] investigated the effects of changing heating
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coil resistance on nicotine delivery, puffing topography, subjective effects and liquid
consumption. They used off-the-shelf coils with two resistance values of 0.5 (Ω) and
1.5 (Ω) which are supposed to consume a power of 40.5 (W) and 13.5 (W), respectively.
Hiler reported that lower-resistance coils were found to deliver higher nicotine and
have higher liquid consumption. Several prior studies did not document the method
used to measure coil resistance or assess variation in this key parameter. Cirillo et
al. 2019 [23,24], Sleiman et al. 2016 [28], Ogunwale et al. 2017 [29] and Soulet et
al. 2018 [30] reported coil resistance as a study parameter without documenting the
method used to measure resistance. Researchers may be tempted to select off-the-shelf
coils with resistance values that suit their study. This approach assumes that the
coil resistances reported by the manufacturer are accurate, neglects manufacturing
variation between coils, and may limit study designs to ENDS brands that offer coils
with different resistance values.
Conversely, other studies reported the measurement methods employed. Gillman et al.
2016 [25] used a measurement instrument that is specialized in milliohm resistance
measurement (Extech milliohm meter, 380560) which claims high precision and low
error rates. Hiler et al. [27] used an off-the-shelf ohm meter “Coil Master 521 TAB
v2”, advertised to test homemade coil resistance and ensure proper operation before
yse. The Coil Master [31] is reported to have a 510 threaded connector, compatible
with many box-mod ENDS, and is equipped with a fire button which applies voltage
to the coil during test. The manufacturer reports that readings have an error of
approximately +/- 0.05 (Ω), which corresponds to a reading error of +/- 10% when
the measured coil has a resistance of 0.5 (Ω). The high error margin of this meter
suggests that it is generally not appropriate for use in scientific studies.
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Meta Analysis for Prior Topography Monitoring Studies

Topography monitoring is the measurement of use pattern of inhaled tobacco products.
Previous research showed that the aerosol generated by tobacco products varies based
on the user puffing behavior [13, 42, 43, 1]. Analyzing user behavior is critical in estimating delivery of harmful and potentially harmful constituents (HPHCs) to the user
and consequently the health effects of the inhaled tobacco products. Use topography
embeds the information which connects products characteristics, consumption and
health effects. For instance, previous research showed that combustible cigarettes
users tend to smoke longer and more frequent puffs when switched to lower nicotine
yield cigarettes [44]. This change in user puff behavior kept toxicant deliveries the
same as before the the switch. Puff number and puff duration were reported to be
inversely correlated with Electronic Nicotine Delivery Systems (ENDS) operating
power [45]. Mean puff flow rate and mean puff volume of ENDS users is affected
by e-liquid flavor [1]. Another study [46], which tested the change from combustible
cigarette to electronic cigarette, showed that there is an inverse relationship between
puff duration and the number of combustible cigarette smoked per day. This study
suggested the association could be a part of a compensatory behavior on the part of
smokers to maintain their same nicotine yield.
Several topography components were investigated to analyze use behavior. Some
of these investigations emphasized that no single topography component can give
sufficient description of the use behavior and that there is a lack of a comprehensive
topography analysis which does not focus on a single component [47].
To date, two major categories of topography have been reported: puff topography and
respiration topography.
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Puff topography is the measurement of the aerosol flow interaction between the
tobacco product and user’s mouth. Measurement of puff topography can be conducted
by continuous monitoring of the flow of inhalant from the tobacco product to user’s
mouth. This can be implemented by using a device with a flow sensor and electronics
required for data recording [48, 49, 50, 51, 52, 53, 54, 55, 56]. Puff topography monitors
are typically connected as an extension to the tobacco product mouthpiece.
Respiration topography is the measurement of inhalation flow and volume into
and out of the user’s lung. Measurement of respiration topography can be conducted
by monitoring changes in lung volume via chest motions [57]. Data of continuous
observation of chest movement can be used to calculate inhalation parameters such
as inhalation flow rate and inhalation volume [58]. Chest movement can be observed
using devices such as chest straps and chest belts [59, 60]. Laboratory measurement of
respiration topography in clinical and sports physiology settings is typically conducted
with a spirometer or other techniques [61], which are not feasible for concurrent use
with tobacco products.
Topography Definitions
Previous research of puff topography has focused on analysis of single puffs and their
immediate neighbors, and is characterized by parameters including mean or peak
flow rate, puff volume, puff duration, and inter puff interval and descriptive statistics
thereof (e.g. mean, median, confidence intervals).
Less attention has been directed to patterns of puff topography over longer duration.
Session dynamics are define herein by session duration, session period, session puff
count and a probability density function. Figure 1.7 shows an annotated waveform of a
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contrived puff topography example. The topography consists of two sessions. The first
session consists of a three puffs and the second session consists of two puffs. This work
proposes parameters for characterization of puff topography and session dynamics.
Next are definitions of traditional and proposed parameters. Refer to Figure 1.7 for
visual representations of the parameters.

Figure 1.7: An example of annotated waveform of a contrived puff topography. The
topography consists of two sessions. The first session consists of three puffs and the
second session consists of two puffs. For the study herein, puff flow rate is removed
and puffs are presented as on or off.

Traditional Topography Parameters
• Puff is a single inhalation of aerosol generated by tobacco product, followed by
exhalation of that aerosol.
• Session can be defined as a group of consecutive puffs during a specific period of
time. Various definitions have been given to a session, such as smoking a single
combustible cigarette or as the entire puffing experience of a complete waterpipe
setting [62]. However, there is, as yet, no clear definition of a session of ENDS
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use. This work will define a “session” of any tobacco product use, including
ENDS.
• Puff duration is the period of time from start of a puff to the end of the puff
inhalation.
• Inter puff interval is the period of time from the end of a puff inhalation to
the beginning of the following puff inhalation.
• Puff volume total volume of aerosol delivered to user’s mouth in a single puff.
• Mean puff flow rate is the total volume of aerosol delivered to user’s mouth
in a single puff divided by the duration of that puff. The puffs in Figure 1.7
shows “on-off” puffs and does not illustrate mean puff flow rate. While mean
puff flow rate is an essential element of puff topography, it is excluded from the
current characteristics of session dynamics.
• Session duration is the period of time from the start of the first puff in a
session to the end of the last puff within that session.
• Inter session interval is the period of time from the end of the last puff in
a session to the start of the first puff in the following session. This term is
introduced as a corollary to the “inter-puff interval” commonly reported in puff
topography studies.
• Session period is the period of time from the beginning of the first puff in a
session to the beginning of the first puff in the following session.
Proposed Topography Parameters This work presents new parameters or refines
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parameters commonly reported in the tobacco research community. These parameters
characterize use topography and are compatible with signal processing algorithms.
• Puff period is the period of time from the start of a puff to the start of the
following puff. It can be also calculated as the summation of puff duration and
inter puff interval.
• Puff duty cycle is the ratio between puff duration and puff period for a single
puff. This parameter is more beneficial when used as a mean for a number of
consecutive puffs which is calculated as the ratio between the accumulation of
total puff duration in a given time to the accumulation of total puff period in
the same period of time.
• Session period is the period of time from the start of the first puff in a session
to the start of the first puff in the following session. It can be also calculated as
the summation of session duration and inter session interval.
• Session duty cycle is the ratio between session duration and session period.
Similar to puff duty cycle. This parameter is new to the research community
and it could provide a numerical characterization of the heaviness of smoking.
• Session puff count is the number of puffs in a single session.
• Session volume is the accumulation of aerosol delivered to user’s mouth in a
single session. This parameter has been used before for combustible cigarettes,
however, it has not commonly been reported for ENDS use.
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Temporal Signal Analysis

1.5.1

Autocorrelation

Autocorrelation is a method for comparing a signal with itself [63]. It is a special case
of cross correlation which is used to find similarities between time series signals. In
the case of autocorrelation, it finds the similarity of the signal with a delayed copy
of itself. Cross and autocorrelation have applications in time series analysis, pattern
recognition, image processing etc. The autocorrelation of x(n) time series signal is
defined in Equation 1.2.

rxx (l) =

∞
X

x (n) x (n − l) = rxx (−l)

(1.2)

n=−∞

Where l represents the discrete time delay or lag. Thus, the autocorrelation r at time
lag l describes how the signal x(n) repeats itself after l time steps. Autocorrelation
has several fundamental properties. Next are some properties which are related to the
topic of this research [64, 65, 66]:
• The autocorrelation is symmetrical around time lag l = 0 which is already shown
in the Equation 1.2 above rxx (l) = rxx (−l). This means that calculating only
rxx (l) at l ≥ 0 is enough to know the complete autocorrelation of the signal.
• The autocorrelation gives maximum peak value at time lag l = 0 where the
signal is coupled with itself rxx (0) ≥ |rxx (l)|. The autocorrelation at l = 0 also
represents the energy of the signal.
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If we set l = 0 in Equation 1.2, we get:
∞
X

rxx (0) =

x (n) x (n − 0)

(1.3)

n=−∞

rxx (0) =

∞
X

x (n) x (n)

(1.4)

n=−∞

which is similar to the Energy equation as shown in Equation 1.5.

E=

∞
X

|x (n) |2

(1.5)

n=−∞

• rxx (l) is independent from the time origin and contains no phase information.
• If x(n) is periodic with period T , rxx (l) is also periodic with period T .

1.6
1.6.1

Motivation
Product characteristics

Modern ENDS products are equipped with sophisticated controllers which use microprocessors to conduct performance and power management. They also measure
signals such as coil temperature and power consumption which are used as a feedback
for the controller algorithm. There is limited understanding of the performance and
capabilities of these controllers outside of proprietary manufacturer’s environment.
This research provides a scientific foundation for better and inclusive regulations based
on the capabilities of these devices.
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Several studies have been performed to assess the impact of power setting and coil
resistance on emissions and toxicity, but no studies have been performed to evaluate the
accuracy of the methods used to measure coil resistance. Many modern commercially
available box-mod ENDs are equipped with a resistance meter to report coil resistance
to the user, but no studies could be found that validate the reliability of these values.
With the current trend to reduce coil resistance values to sub-ohm levels [67, 68],
manufacturing variations might have greater effects on the actual resistance of the
coils, which in turn may give rise to variation in the composition of emissions from
the ENDS. Aside from the articles resulted from this work [5, 7] ,I have found no
reports that quantify such variation nor how it might affect the expected performance
of the ENDS. Previous inconsistencies in reporting coil resistance may be caused by
the absence of a robust standard method.
More study is needed to better understand manufacturing variation and the impact of
this variation on device performance. This study leads to better understanding of the
impact of manufacturing variation on coil lifetime and aerosol emissions. Therefore,
this study begins to lay the groundwork for regulations requiring manufacturers to
report variations in tobacco product components as part of the premarket approval
process.

1.6.2

User Behavior

Analysis of tobacco product use behavior has traditionally focused on short-term
puff topography. The parameters used in this analysis include puff duration, inter
puff interval, puff flow rate, and puff volume. While these parameters might provide
sufficient insights about puff dynamics, they miss the long-term interactions between
the user and the product. Therefore, analysis of user behavior over longer times, such
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as a full day, a week, or a month is necessary to understand the influential relation
between user behavior and inhaled tobacco product characteristics.
Limited research has been conducted on the analysis of session dynamics. These
analysis uses basic mathematical and statistical calculations. The literature, however,
lacks appropriate tools and parameters to conduct such analysis. For instance, there
has been no automatic tool to quantify or classify use topography. Such tools provide
a better understanding of the potential health effects of tobacco products and help
medical and social workers to make appropriate intervention treatment.

1.6.3

Regulations of Inhaled Tobacco Products

The traditional approach in making tobacco product regulations are limited by the
understanding of the operations of these devices. For instance, regulators have
considered binding ENDS manufacturers to reduce nicotine concentration in the eliquid and limit puff duration. This approach is ineffective as limiting the nicotine
concentration in the e-liquid does not necessarily limit the amount of nicotine delivered
to the user in one puff or session. ENDS manufacturers could alter the hardware and
software of the device to compensate for the missed nicotine and thus deliver the same
previous nicotine concentration. In the same time, users behavior might change in
order to achieve the same nicotine hit. Thus, appropriate and effective regulations
are needed. For instance, regulate the amount of nicotine delivered to the mouth
regardless of the nicotine concentration in the e-liquid. Such regulations require a
better understanding of the capabilities of modern ENDS products.
User behavior and product characteristics are the main factors affecting the emissions
and consumption and, consequently, health effects of these products. Therefore,
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combining the understanding of the two sides provides the scientific foundation for
better regulations.

1.6.4

Broader Applications of the Proposed Work

The tools developed for quantifying and classifying user behavior are utilized to
analyze topography dynamics. However, these tools can be applied to other broader
applications. For instance, they can be used to analyze and classify other addictive
behaviors such as alcohol abuse, drug abuse, watching TV, and use of social media. The
session dynamics quantifying tool can be used as a feature extractor or pre-processing
layer for artificial intelligence algorithms.
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Chapter 2

Proposed Work

2.1

Problem Description

Research has been conducted to study nicotine delivery devices from chemical and
medical perspectives. For instance, the tobacco research community has extensively
studied the characteristics of traditional combustible cigarettes, focusing on combustion
and chemical interaction to generate emissions. Unlike combustible cigarettes, ENDS
are more sophisticated devices that require multidisciplinary engineering analyses
to understand its work. The literature, however, lacks a through understanding of
the hardware characteristics of these devices. A deep and clear understanding of the
characteristics of the hardware components and their interaction with each other is
indispensable to understand the device’s capabilities and the way it can be manipulated
to alter its performance. It is essential to understand the characteristics and theory of
operation of tobacco products from an academic perspective. It is also crucial, on the
other side, to understand what manufacturers companies are capable of altering in
their tobacco products.

CHAPTER 2. PROPOSED WORK

40

Analyzing the use pattern through session topography of inhaled tobacco products is
critical in understanding the effects of these devices. Most research has been conducted
on analyzing puff topography which reflects acute use patterns of short time. The
literature lacks the understanding of the long time, chronic, use pattern over weeks or
months. Producing the appropriate tools to quantify this type of interaction is critical
to understand user behavior.
The interaction between user behavior, device performance and characteristics, and
device capabilities collectively inform the next generation of regulations.

2.1.1

Aim 1: Tobacco Product characteristics

Fully characterize the electronic power delivery of modern ENDS devices. This aim
help in understanding how ENDS devices work and what they can do. Research
Questions:
1. How can we measure effective resistance of coil (heating element)
assembly in modern ENDS devices?
The effective resistance of the coil resistance is the total resistance of the coil and
the wires and connectors used to connect the coil to the PCU. In other words, the
effective resistance represents the resistance as seen by the PCU, which supplies
current to the coil through wires and connectors. Therefore, using the effective
resistance leads to more accurate results when calculating the supplied current
and power dissipated by the coil. Measuring component resistances is a common
practice in engineering communities and is a well-established method. The
tobacco research communities, however, have not traditionally reported accurate
measurements of low resistance devices. Answering this question will provide
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a well-defined method to measure the effective resistance of the coil assembly
and educate the tobacco research community about the level of sophistication
required to measure the characteristics of ENDS devices accurately.
2. What is the manufacturing variation in coil resistance in modern
ENDS devices? The manufacturing variation in coil resistance associated
with a particular product may have significant implications on total particulate
matter (TPM) emissions and the presence of hazardous and potentially hazardous
constituents (HPHCs) in the emissions. Therefore, quantifying this variation is
essential to design a PCU that can overcome these variations and make regulation
decisions about the precision and margin of error required for these devices to
ensure reducing the presence of HPHCs.
3. What are the effects of coil resistance manufacturing variation on
ENDS performance (Coil lifetime and TPM)?
More study is needed to understand manufacturing variation and the impact of
this variation on device performance. Answering this question leads to a better
understanding of the impact of manufacturing variation on coil lifetime and
aerosol emissions. Therefore, this study lays the groundwork for regulations
requiring manufacturers to report variations in tobacco product components as
part of the premarket approval process.
4. How can we conduct dynamic measurement of electric signal of modern
ENDS devices for the purpose of power characterization?
Modern ENDS are equipped with sophisticated PCUs, and some of them utilize
microprocessors to perform complicated power control methods. Understating
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and analyzing the power management performed in these PCUs helps reveal
the capabilities of these devices and their potential effects on the generated
aerosol. Studying the techniques used in these PCUs requires a robust method
to dynamically measure supplied voltage, current, and other electrical signals
from the PCU to the coil.
5. What is the variation in the power management methods preformed
by PCUs in ENDS?
Answering this question helps quantify the performance of the power management
techniques performed by PCUs and evaluate the effectiveness of these techniques
to achieve the desired objective. Ultimately, this evaluation provides a better
understanding of the effects of power management on the performance of the
devices and aerosol generation.
6. What are the effects of E-Liquid degradation in modern ENDS performance (TPM)?
Preliminary observations showed signs of variations in e-liquid characteristics
such as color and viscosity. These variations might be a result of e-liquid
degradation. While understanding the degradation is out of this research’s
scope, this question targets understanding the potential effects of the variation
in e-liquid characteristics on emission generation.

2.1.2

Aim 2: Quantifying of User Behavior

To understand how people use tobacco products at both acute level (i.g within puffing
session) and also at a chronic level over the period of weeks and months. The long
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term consumption behavior is critical in evaluating the effects of these devices.
1. How can we design a robust method for quantifying (mathematical
modeling) ENDS user behavior beyond what was historically done?
Methods for quantifying puff topography have already been established in the
literature. However, previously reported methods used for session topography
and long-term consumption are rudimentary. Therefore, a robust method is
required to provide mathematical modeling of user behavior over days and weeks.
For instance, such a method is expected to provide random distribution of a user
consumption behavior over a week or a month. Such modeling of user behavior
lays the ground for a better understanding of the chronic use patterns of tobacco
products.
2. How can we validate and compare the accuracy of ENDS user behavior
quantifying methods?
Quantifying user behavior (session topography) over a long time is new in the
tobacco research community. Thus, there is no well-defined process of measuring
the accuracy of the quantifying methods. Introducing an evaluation process
with specific parameters is essential to validate and compare the accuracy of any
proposed quantifying methods.
3. How can we utilize session topography to characterize and compare
chronic user behavior?
The suggests categories to compare use behavior are:
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• Different types of ENDS.
• Different brands of ENDS.
• Different e-liquid flavors (e.g. Tobacco and menthol).
• Different environmental parameters such as day of week.
• User demographics.
Answering this question provides a better understanding of the effects of the
above parameters and user behavior (use pattern). It also sheds light on the
differences in the potential health effects of these parameters on users over an
extended time.

2.2

Outcomes/Deliverables

The research project will deliver the following outcomes.
• Design and publish protocols for building product-specific coil resistance testing
apparatus for several popular ENDS devices such as Vuse ALTO, JUUL, myBlu,
NJOY, and Uwell CALIBURN.
• Design and publish a protocol for measuring the effects of manufacturing variations of ENDS on coil lifetime and aerosol generation.
• Design and publish protocols for building testing apparatus for dynamic power
measurement of popular ENDS devices such as Vuse ALTO, JUUL, myBlu,
NJOY, and Uwell CALIBURN.
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• A software tool for quantifying ENDS user behavior (topography dynamics).
• publish journal articles documenting:
– Method for static coil resistance measurement .
– Effects of variation of coil resistance on ENDS performance.
– Method for measuring electrical signals of modern ENDS.
– Method quantifying session and topography dynamics.
– Analysis of natural environment topography.

2.3

Facilities and Equipment

PES-1 The previously validated Programmable Emissions System™ (PES™-1) was
used to activate and run the ENDS under test to generate and collect aerosols as
described in [69]. Figure 2.1 shows a photograph of PES-1. The system can be
configured to perform puffing profiles based on a wide range of puff flow rates, puff
durations, and inter-puff intervals. It uses a vacuum tank (5.0 [L] with pressure as
low as -100[kPA]), a proportional valve (KPIH-VP-20-156-25, Kelly Pneumatic Inc.
with 10 [m Sec] response time), and a gas flow meter (M-50SLPM-D-30PSIA/5M,
Alicat Scientific, Inc.) connected in series to generate the required flowrates. The flow
meter and proportioning valve are digitally monitored and controlled to implement
the desired puffing profile. Several particulate phase collection modules can be used
with this system. The current study used Cambridge style single stage filter pads.

CHAPTER 2. PROPOSED WORK

46

Figure 2.1: RTL Programmable Emissions System 1 (PES-1).

Mettler balance A high accuracy gravimeter is required in several steps in the
emission studies. For instance, it can be used to measure the mass of the TPM
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collected using the filter pad while running trials by differencing the mass of the filter
pad before and after the trial. It is also needed to measure pod mass before and
after trials or in the initial product inventory. A Mettler AE240 Analytical Balance
gravimeter is available at the RTL and can be used for the various experiment intended
for this study. The Mettler balance provided a protected weighing space with accuracy
of ±0.0002 [g] (0.2 [mg]) [70].
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Chapter 3

ENDS Product Characterization

3.1

Methods

Much of the text presented in subsection 3.1.1 and 3.1.2 has been adapted from a
previously published creative commons article [5, 71].

3.1.1

Static Coil Resistance Measurement

Research Questions
The research questions related to this section are:
• How to measure effective resistance of coil (heating element) assembly in modern
ENDS devices?
• What is the manufacturing variation in coil resistance in modern ENDS devices?
Constant Current Resistance Measurement Method
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The constant current method is commonly used for resistance measurement in conjunction with a digital multimeter (DMM). Modern DMMs for laboratory use incorporate
an integrated voltmeter and constant current source. The DMM constant current
source, ISource, is used to supply current to the device under test (DUT) while
measuring the voltage, VVoltmeter, across the DUT. The resistance of the DUT,
RMeasured, is determined as the ratio of measured voltage over the applied current,
consistent with Ohm’s law as in Equation 3.1.

RM easured =

VV oltmeter
ISource

(3.1)

Two configurations are commonly used with the constant current method. The most
common two-wire configuration is appropriate for general purposes with large DUT
resistances on the order of kilo-ohms and mega-ohms. The four-wire configuration is
more appropriate for accurate measurement of sub-ohm coil resistances. The effect
of measurement configuration is assessed herein by using both configurations on a
sample of pods from two manufacturers and conducting a repeated-measures difference
between configurations.
Two-Wire Configuration
The schematic shown in Figure 3.1 is known as the two-wire configuration [38]. Two
terminals (denoted as the + and - terminals) are supplied with a constant current,
ISource , from the DMM. two-wire leads are connected from the terminals of the DMM
to the opposing ends of the DUT coil being tested. Kirchoff’s voltage law states that
the voltage drop across three components in series is the summation of the voltage
drop across each component in the series. Thus, the voltage, VV oltmeter , measured by
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the DMM is the summation of the voltage drops across the DUT and the two-wire
leads. Kirchoff’s current law asserts that the steady current flowing through three
resistive components in series are equal. Consequently, the measured current through
the DUT will be identical to the current through the wire leads. Equation 3.2 shows
the calculations in detail, which can be simplified to the second form if we assume
that the two-wire leads are of the same composition, diameter and length.

RM easured =

VLead + VDut + VLead
VV oltmeter
=
= RDut + 2 × RLead
ISource
ISource

(3.2)

The resistance of wire leads can vary widely between research laboratories and test
benches, easily between 0.010 (Ω) and 1.000 (Ω) depending mainly on their materials
and lengths. The resistance of the wire leads, RLead, introduces a significant bias
error between the DMM observed, RMeasured, and the actual coil, RDUT, when the
DUT has low resistance. For example, when measuring the resistance of an ENDS
coil with a true resistance of 1 (Ω) in this configuration with two-wire leads that have
a resistance of 0.050 (Ω) each, the measured value would be approximately 1.1 (Ω),
a 10% bias error in measurement. If we use the same apparatus and wire leads to
measure sub-ohm coils, the percent of bias error would be correspondingly higher.
The wire leads are the main source of error in this configuration. The bias error can
be reduced by using very short wire leads with high electrical conductivity (e.g., gold
instead of copper). However, short leads are often difficult to manipulate in the lab,
and this approach does not completely remove the bias introduced by the wire leads.
The four-wire configuration offers a practical and robust approach to removing the
bias error associated with the two-write configuration.
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Figure 3.1: Two-wire resistance measurement schematic. Dotted box labeled digital
multimeter (DMM) is a simplified version of internal schematic of the digital multimeter.
Reproduced from a previous published work by the author [5].
Four-Wire Configuration
The four-wire configuration employs two current wire leads (force + and force -)
to supply current through the DUT and two separate sensor wire leads (sense +
and sense -) to measure the voltage across the DUT. The four-wire configuration
eliminates the bias effect of lead resistances described in the two-wire resistance
measurement configuration [38]. Figure 3.2 shows the schematic of this configuration.
The voltmeter has very high resistance (on the order of megaohms) and thus very
low current (on order of picoohms) flows through the sense +/- wire leads. Thus, the
voltage drop across the sense +/- wire leads is negligible and the voltage measured by
the voltmeter is the same as the voltage cross the DUT. The resistance of the wire
lead is totally insignificant, and the measured resistance is unbiased compared to the
two-wire configuration. Random errors such as those associated with analog-to-digital
conversion in the DMM remain in both configurations but are negligible in comparison

CHAPTER 3. ENDS PRODUCT CHARACTERIZATION

52

to the quantities typically required for characterization of ENDS coils.

Figure 3.2: Four-wire resistance measurement schematic. Dotted box labeled DMM is
a simplified version of internal schematic of the digital multimeter.Reproduced from a
previous published work by the author [5].
ENDS Product-Specific Test Fixture
An apparatus was assembled to conduct constant current method resistance measurements in both the two-wire and four-wire configuration. The DMM used for all
resistance measurements in this study was a Model 34465A from KEYSIGHT™ [39]
and supports both the two-wire and four-wire resistance configurations with several
user-selectable ranges (100 (Ω) to 1,000 (MΩ)). The DMM was set to the “auto scale”
option for all observations conducted in this study, resulting in every observation being
measured on the 100 (Ω) range. The DMM was connected to a desktop computer
running the Microsoft Windows™ 10 operating system (Microsoft, Redmond, WA,
USA) with a USB-2 cable. A custom MATLAB™ script (MathWorks, Inc., Naatick,
MA, USA) was used to trigger measurements and collect readings from the DMM and
save the data to comma separated value (CSV) test files for later analysis.
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While commercial off-the-shelf (COTS) four-wire leads, commonly called “Kelvin
leads”, may be used to connect the DUT to the DMM, we elected to fabricate custom
four-wire leads which were permanently soldered to each DUT fixture. We determined
that COTS Kelvin leads might not be the best option for measurement of ENDS
coil resistance. In some types of ENDS, the coils are separable from the reservoir
and wick. However, during and after usage, the coil is in contact or submerged with
the e-liquid. In other types of ENDS, such as the pod-style device studied here,
the coil is permanently attached within the pod and is submerged in the e-liquid
reservoir. In removable pod ENDS devices, the pods most often make electrical
contact with the ENDS PCU using two different style connectors. Several pod-style
ENDS employ two spring-loaded connectors, also known as pogo pin connectors, for
the + and - terminals on the PCU side while mating with two corresponding flat
connectors on the pod side. The connectors come in various sizes and shapes across
ENDS designs and, most importantly, they have different distances between the +/terminals. Additionally, the mechanical means of retaining the pod in the ENDS is
different from one manufacturer’s design to another. Some manufacturers use a friction
fit, some use a magnetic clasp, and others may use detents. This variation between
ENDS designs means that the pod-style coil terminals are not directly exposed and
cannot directly connect to COTS Kelvin lead clips. Further, we desired a test fixture
which would allow us to assess the impact of the pod-retaining mechanisms employed
in various ENDS designs on the repeatability of effective coil resistance measurement.
Electrical contact resistance caused by the connectors is a potential confounder in
natural environment operations of ENDS products, and is worth investigation.
Accordingly, this study incorporates a special holding fixture which is unique to
each ENDS product and retains the pod with its integrated coil in position while
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measurements are made with the DMM. Each holding fixture uses a scavenged ENDS
PCU housing and original manufacturer’s connectors to mimic the housing, connectors
and pod retention employed in the original ENDS to create a more realistic setup
and produce accurate resistance measurements. This study employs connectors and
PCU housing of the same design as the ENDS device under test. Figure 3.3 shows the
holding fixture built for an ALTO-style ENDS with a snap pod retainer as part of its
internal structure. The Model 34465A KEYSIGHT™ DMM [39] is used in conjunction
with each unique ENDS holding fixture. Each test fixture is secured vertically using
a tabletop vise with the pod housing on the top end while the four wires are to the
bottom. This setup made it easy to position the test fixture and switch between pods
during the experiment.
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Figure 3.3: Custom Electronic Nicotine Delivery Systems (ENDS) test fixture for
Vuse/ALTO pod-style ENDS coil resistance measurement in conjunction with a
Keysight Model 34465A digital multimeter. The exploded view shows an inside view
of the wire connections. Reproduced from a previous published work by the author
[5].

The process will be demonstrated on two ENDS designs. Detailed tutorials for building
resistance measurement holding fixtures are available at [37]. The process of building
the pod holding fixture includes multiple steps which are briefly summarized here:
1. Discharge the battery of the ENDS prior to opening the device.
2. Open the ENDS PCU to access its internal structure. Use standard electrical
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safety precautions when working in the presence of possible charge carrying
components such as capacitors. Avoid shorting any electrical leads during
disassembly.
3. Remove the battery and the readily accessible PCU electronic components.
4. Locate the internal side of the connectors. These spring connectors are used to
connect the PCU to the pod or tank section of the ENDS. The spring connectors
may be directly soldered to a printed circuit board (PCB) as in the JUUL, or
indirectly connected to the PCB via thin wires as in the ALTO.
5. Solder four lead wires, force +/- and sense +/-, to the ENDS PCU +/- connectors,
respectively. Care must be taken not to damage the connectors or gaskets which
lie between the ENDS PCU PCB and the END PCU pod receiver. Details of
these connections are important in developing an accurate and robust fixture
and are discussed in detail and with photographic guides in [37]. In the case of
the device built for ALTO, the four lead wires are soldered to the cut end of
the manufacturer’s thin wires linking the connectors to the PCB, taking care to
protect the connector and surrounding plastics case from soldering heat. These
two thin wires will be added to the measured coil resistance in addition to the
resistance of the connectors themselves. These extra resistances can be measured
and subtracted from coil resistance or can be simply neglected if they appeared
to be very small. This point is discussed in detail in the results section. These
thin wires are inherently present in the ENDS circuitry to supply power to the
coil. Their resistance is added to the coil resistance contribute to the total
resistance seen by the ENDS PCU. Some designs of ENDS PCU may rely on
these thin wires to dynamically sense coil resistance. Thus, including the thin
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wires in the testing apparatus circuitry represents an accurate measure of the
effective resistance of the pod/coil assembly.
6. Make a small groove at the end of the ENDS PCU housing to make room to
pass the four wires out from the fixture to the DMM.
7. Connect color-coded banana plugs to the free end of the four lead wires for
inserting into the DMM.
Data Sampling Procedure
Each pod to be tested is marked with a unique identification number. Prior to making
a resistance measurement, this ID number is entered into the data logging script. The
operator places the pod to be tested in the holding fixture and presses a button on the
computer to initiate data sampling. The script has the ability to read the resistance
using the two-wire and four-wire modes without additional operator intervention.
The tested pod remains inserted between the two-wire and four-wire measurements.
The script can read and report a single observation of coil resistance or can read
and record 120 sequential readings of the same pod taken at one-second intervals,
to evaluate the performance of the fixture and validate stability. Each data reading
is tagged with the pod ID, two-wire vs. four-wire configuration, trial number (for
test/re-test repeatability), a time-date stamp (to identify 120 sequential readings),
and the numerical value of the resistance reported by the DMM. All readings are made
in the same lab under the same environments including the same storage condition
and room temperature.
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Test Specimens
Two popular pod-style ENDS devices were chosen for this study. The Vuse ALTO
[35] and JUUL [36] ENDS are two of the most popularly used e-cigarettes especially
among teenagers [32–34]. We purchased N = 22 Vuse ALTO pods and N = 16 JUUL
pods filled with nicotine flavor e-liquid with a manufacturer-reported 5% nicotine
concentration. The manufacturers report that ALTO pods are filled with ≈1.8 mL
of e-liquid [35], while JUUL pods are filled with ≈0.7 mL of e-liquid [36]. All pods
were new and in the manufacturer’s original sealed packaging until opened for this
test. Pods were purchased from local retail brick-and-mortar establishments and
national online vendors. We observed that the Vuse ALTO pods were identified with
N = 5 unique manufacturing lots, and the JUUL pods were identified with N = 2
manufacturing lots.
Statistical Analyses
Descriptive statistics were computed for each ENDS design including the mean, median,
interquartile range and outlier analysis. Standard statistical tests were used to assess
all data collected. Assessment of bias evident between the two-wire and four-wire
configuration of the constant current resistance test method was conducted with a
repeated-measure (single-sample) t-test for each ENDS design studied. Assessment
of the one-to-one intra-class correlation coefficient, ICC1:1 [72], was conducted in
the same lab using the same testing apparatus to assess the repeatability of the
results when the same sample of ALTO and JUUL pods were individually tested,
and then re-tested after a 5 months interval of time. A total of 120 independent
readings using the four-wire configuration of each uniquely identified pod were taken
on two different days, separated by five months between. The test/re-test correlation
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coefficient, rtest/re−test ,[72], was conducted to test the consistency or reliability of
the measurement. Ten readings using the four-wire configuration were taken for
each pod and the pod was removed from the test fixture and inserted back between
consecutive readings with a 2–5 second interval. The one-to-one intra-class correlation
coefficient, ICC1:1 [72], and test/re-test correlation coefficient, rtest/re−test [72], were
computed and reported for each ENDS studied. Assessment of differences in mean
effective coil resistance between ENDS designs was conducted using a two-sample t-test
under the assumptions of a normal distribution, unequal sample sizes and unequal
variances. The assumption of normally distributed samples was evaluated using a
quantile–quantile (Q–Q) plot of data observations vs. theoretical normal distribution.
Assessment of manufacturing variation was conducted using a normal distribution
with point estimates for the mean and standard deviation to predict the ±6σ range of
coil resistances anticipated for mass-produced ENDS pods.
Expanding the Static Coil Resistance Measurement
The static coil resistance measurement method proposed in this chapter was expanded
to cover more pod and pen style ENDS. In addition to Vuse ALTO and JUUL, the
method was demonstrated on extra 11 ENDS were tested. Custom testing apparatuses
for four extra ENDS were built including myBlu, NJOY, Uwell CALIBURN and
SMOK Novo 2. In addition to the testing apparatuses, commercial off-the-shelf
(COTS) four-wire leads were used to manually measure the coil resistance of some
ENDS. While this work suggests the custom testing apparatus as a standard method
for coil resistance measurement, the manual method was used in order to to produce a
comprehensive data set of coil resistance values. Figure 3.4 shows pictures and names
of the thirteen pen and pod style ENDS tested in this study. The two single use
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ENDS, Hyde and Puff Bar, were destructively opened in order to access their coils’
terminals for resistance readings.

Figure 3.4: pictures of the thirteen pen and pod style ENDS tested for coil resistance.
Reproduced from Hensel et. al. [6].

3.1.2

Effects of Manufacturing Variation on Coil Lifetime and
TPM

Research Questions
The research question related to this section is:
• What are the effects of coil resistance manufacturing variation on ENDS performance (Coil lifetime and TPM)?
In order to investigate the effects of initial coil resistance and initial pod mass on
de-vice performance, this study measured coil lifetime and total particulate matter
(TPM) yield per puff. Coil lifetime was measured as the number of repeated puffs
delivered from a brand-new pod until the coil broke, without refilling the pod, as
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indicated by a sharp in-crease in coil resistance. Coil breakage could be a result of coil
aging, excessive usage, or a result of energizing the coil in the absence of e-liquid. The
excessive heat generated by the coil could lead to melting and breaking the coil. All of
these failure mechanisms would be reflected in such a sharp increase in coil resistance.
Therefore, coil resistance was deemed to be a good indicator of coil breakage.
Aerosol Generation and Collection
The previously validated Programmable Emissions System™ (PES™-1), described in
Chapter 2, was used to activate and run the ENDS under test to generate and collect
aerosols as described in [69]. The TPM collected during each trial was measured by
differencing the mass of the filter pad before and after the trial. A Mettler AE240
Analytical Balance gravimeter, previously described in Chapter 2, was used. The
same gravimeter was also used to measure pod mass before and after each trial.
Figure 3.5 shows the entrance region of the experimental setup, which includes the
inlet of the PES-1, filter pad holder, short connecting tube, and the ENDS under test.
The PES-1 was set up with an angle of 30° to mimic the declination angle of the ENDS
while being puffed, determined in a previous Master’s thesis, which analyzed data
from YouTube videos of e-cigarette users while vaping their personal ENDS in their
natural environment [73]. The mouthpiece of the Vuse ALTO ENDS was connected
to the inlet of the filter pad holder through a short connecting tube. The tube was
fixed to the mouthpiece with BemisTM ParafilmTM M Laboratory Wrapping Film
(not illustrated in the picture for visibility).
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Figure 3.5: PES-1 setup with Vuse ALTO connected to it at 30° angle through a filter
pad holder. Reproduced from a previous published work by the author [7].

Coil Resistance Testing Apparatus
The test fixture presented in the previous section [5, 74] was used to measure coil
resistance, built by re-purposing the housing of the PCU (power control unit) of the
targeted ENDS, mimicking the geometrical and electrical conditions of the original
ENDS. The test fixture provides measurement of the effective coil resistance which
accurately represents the resistance seen by the PCU during operation. The effective
coil resistance is the summation of the re-sistances of the connectors from the PCU to
the pod, the internal connection pins in the pod, and the heating coil. The fixture
utilizes a four-wire resistance measurement config-uration with customized test leads.
A detailed step-by-step protocol for building this fix-ture has been published on
protocols.io [74]. The fixture was used with 34465A KEYSIGHT™ Digital Multimeter
[75]. The coil resistance test fixture [5, 74] was held vertically using a tabletop vise
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to ensure consistency in the measurement and minimize error resulting from motion,
Figure 3.6. The test fixture was connected to the digital multimeter and communicated
with the PES-1 personal computer via USB serial connection. When the pod was
inserted in the test fixture and the resistance measurement was ready to be made, a
button in the PES-1 software could be clicked to make the coil resistance reading and
record the results in the dataset.

Figure 3.6: Coil resistance testing apparatus setup vertically using a tabletop vise.
Reproduced from a previous published work by the author [7].
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Data Acquisition
Several types of data were collected while conducting the experiment, including the
measured puffing profile (flowrate), labeling data about the ENDS and pod under test,
filter pad mass, pod mass and coil resistance. The measured flowrate was automatically
collected by the PES-1 controller software, which was saved as a comma-separated
values file at the end of the session for later usage. The PES-1 controller software also
provided the means to enter the other types of the data. The labeling data of the
ENDS and pod un-der test were scanned by a barcode scanner before the session, the
filter pad mass and pod mass values were manually measured using the gravimeter and
were manually entered to the PES-1 controller software before and after the session
(i.e., after 20, 10 or 5 puffs). Coil resistance was read by the PES-1 controller software
when the pod was inserted in the test fixture before and after each session. The step
by step testing procedure employed in this study has been published [31] to foster the
reproducibility of this work.
Puffing Profile
The lifetime testing puffing profile used here included emissions testing sessions with
uniform rectangular shape puffs whose puff flowrate was 18.33 [mL/Sec], puff duration
was 5.5 [Sec], and puff interval was 11 [Sec]. The number of puffs per session was
20 puffs for the earlier portion of coil lifetime and was reduced to 10 or 5 puffs per
session as each coil lifetime test progressed. This puff profile was designed to accelerate
lifetime testing by providing long puff duration and short puff interval in order to
shorten the time required to fully consume the pod and achieve coil failure. Such
technique (accelerated lifetime testing) has been used in quality assurance testing
standards of many common products [32,33]. The profile was also carefully designed
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to consider the parameter margins suggested by the manufacturer, in order to avoid
interfering with the results of the experiment while trying to comply with some aspects
of the Cooperation Centre for Scientific Research Relative to Tobacco (CORESTA)
standard for e-cigarette aerosol generation and collection [34]. The flowrate was chosen
based on the results of a preliminary experiment done in our lab which showed that
Vuse ALTO ENDS was consistently activated at a flowrate of ≥ 15 [mL/Sec]. While
the puff flowrate complies with CORESTA standard, it was also intentionally selected
to be low in order increase the aerosol generation efficiency. The puff duration of
5.5 [Sec] was chosen to fully exercise the five seconds specified by the manufacturer
before the ENDS automatically stops puffing [35], while the CORESTA standard
specifies a puff duration of 3 ± 0.1 [Sec]. The puff interval (11 [Sec]) was shorter
than the CORESTA interval (27 [Sec]). This 11 [Sec] puff interval is longer than the
time specified by the manufacturer to cool the device after it has been used for ≥ 5
[Sec] puff duration. Complying with the CORESTA flow rate was chosen to make it
easier for other researchers to compare our results. We are, however, not suggesting
either the CORESTA profile or the accelerated lifetime puffing profile used herein
accurately represents human user behavior. This profile might not be suitable for
other experiments that focus on different research objectives or test different devices.
Test Specimens
The experiments were conducted on a commercially available pod style ENDS, Vuse
ALTO [76] pods N = 15 which is one of the most popular e-cigarettes among teenagers
[77, 78]. The manufacturer reported that these pods are filled with 1.8 [mL] of e-liquid.
The pods used in this study filled with nicotine flavor e-liquid manufacturer labeled
5% nicotine concentration. They were purchased from local retail shops and national
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online vendors.

3.1.3

Dynamic Electrical Signal Measurement of Modern ENDS

Research Questions
The research questions related to this section are:
• How to conduct dynamic measurement of electrical signal of modern ENDS
devices for the purpose of power characterization?
• How to conduct coil temperature measurement of modern ENDS devices?
• What is the variation in the power management methods preformed by PCUs
in ENDS?
Overview of Electrical Signals in Modern ENDS, Vuse ALTO as an Example
Dynamic electrical signals measurement of an ENDS require opining the device to
expose its internal electronics and access all desired connection points. Sensing probes
can be connected to those points and routed to the measurement device. Figure 3.7
shows the internal electronic kit of the Vuse ALTO as an example. Depending on the
type and internal structure of the ENDS, several electrical signals can be accessed
and measured.
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Figure 3.7: Vuse Alto internal electronic kit with connection points labels. The labels
are color coded based on the wire they represent.

Next is a list of some of the electrical signals of interest to the tobacco research
community which can be dynamically measured in some types of ENDS devices.
Coil
1. Voltage across coil
(a) Connect sensing probs to the +Coil and –Coil connection of the coil.
2. Current through coil
(a) This requires opining the loop between the coil and the controller kit.
(b) Connect the two new terminals to an Amp meter or to a shunt resistance
to measure the current.
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3. Power dissipation by the coil can be calculated by multiplying coils voltage and
current which are measured in point 1 and 2 of this list.
Battery
4. Battery Voltage
(a) Connect sensing probs to the +Battery and –Battery points of the battery.
5. Current out of battery
(a) The requires opining the loop between the battery and the controller kit.
(b) Connect the two new terminals to an Amp meter.
(c) The reading of this measurement also represents the current consumed by
the whole system assuming the the battery is the only source of power to
the device. This might not be true in some devices which allow for charging
while using.
(d) This method can be also used to measure the current drawn into the battery
during charging.
Whole device
6. The power dissipated by the whole device can be calculated by multiplying voltage
and current of the battery which are measured in points 4 and 5 respectively.
7. Current out of the charger
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(a) This require opining the loop between the charger port (most ENDS use
micro USB) and the controller kit.
(b) Connect the two new terminals to an Amp meter.
(c) The reading of this measurement can be compared to the reading of point
5-d to calculate charging efficiency.
While this list provides several electrical signal which are important to the research
community, the procedure suggested in this study focuses on the coil and battery
signals only. Next is a detailed explanation of the procedure used to build the testbench
for dynamic electrical signal measurement of Vuse ALTO.
Procedure for Building Electrical Signal Measurement Testbench for Vuse
ALTO
A detailed tutorial for building testbench for Vuse ALTO is presented at [79]. Figures
3.8 and 3.9 show the schematic and picture for the final testbench respectively. Here
is a summarized steps of the procedure:
1. Prepare the Vuse ALTO ENDS assigned for building the testbench. Make sure
that it is working fine and that there are no damages. Discharge the battery of
the ENDS prior to opening the device.
2. Open the ENDS PCU to access its internal structure. Use standard electrical
safety precautions when working in the presence of possible charge carrying
components such as capacitors. Avoid shorting any electrical leads during the
disassembly. It is important to use caution when working on the battery even if
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the battery is discharged. Short circuit connection between the battery terminals
could cause fire.
3. Dislocate the battery and electronic kit from internal case. This step can be
performed by hand. A tool like a plastic tweezers can be also used to dislocate
the battery. Metal tools are not recommended to be used with the battery. It is
also important to be careful when handling the battery even if no metal tools are
used. This step will expose the wires which connected the components together.
Three sets of wires are used in this device:
• Long red and long white wires which connect the charging flat connectors
to the electronic kit.
• Red and black wires which connect the battery to the electronic kit.
• Short blue and black wires which connect the spring-loaded connectors to
the electronic kit.
4. Use a cutter to cut the black wire connecting the electronic kit to one of the
spring connectors. This step will cause an open circuit between the spring
connectors and thus the coil and the electronic kit. This open circuit will be
closed by inserting a shunt resistor and extra wires.
5. Soldering wires to connect the shunt resistor and other sensing wires. This step
includes:
(a) Solder two wires to each of the terminals resulted from cutting the black
wire in the previous step. One pair of wires will be used to close the open
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loop between the coil and the electronic kit by connecting them through the
shunt resistor while the other pair or wires are be used as sensing probes.
(b) Solder two wires to the +Coil point on the electronic kit shown in Figure
3.7. These wires are used to measure coil voltage and total voltage.
(c) Solder one wire to each of the +Battery and -Battery points on the electronic
kit shown in Figure 3.7. These wires are used to measure battery voltage.
6. Cut in the external metal case to make room for the wires to pass. Make the
cut along the center of the front side of the case from the bottom up to about 2
mm from the LED hole. This cut is used to pass the wires which were soldered
to the electronic kit in the previous step.
7. Reassemble the ENDS device.
8. Prepare a bread board to connect the ENDS device to it. Drill four holes in the
bread board and secure the ENDS device to it using zip ties.
9. Insert the shunt resistor in the bread board and connect one pair of the wires
soldering in the previous step. Also make appropriate connections on the bread
board for the sensing wires. This step and all other steps are explained in details
with pictures at [79].
10. Use ribbon cable (shown in Figure 3.9) to connect to the bread board and solder
color-coded banana plugs to the free end of the ribbon cable.
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Figure 3.8: Dynamic electrical signal measurement testbench schematic for Vuse
ALTO with examples of some of the collected and calculated signals. The examples
represent zoomed in snaps of about 0.09 [Sec] of the beginning of a puff.
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Figure 3.9: Dynamic electrical signal measurement testbench for Vuse ALTO.

The testbench built in this study and shown in Figures 3.8 and Figure 3.9 measures
six voltage signals. Three essential signals and three secondary or validation signals.
Next is a list of these signals and their purposes:
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Primary signals
• VCoil : Coil voltage.
• VShunt : Shunt voltage which is used to calculate the current through the coil by
multiplying this voltage with the known value of the shunt resistor. The shunt
resistor used in this testench is 0.01 [Ω]. As they are parts of one closed loop,
the current passing through the shunt resistor is the same as the current passing
through the coil.
• VBattery : Battery voltage.
Secondary or validating signals These signals are used to validate the work of the
testbench and measure the effects of inserting the shunt resistor in the loop between
the coil and the controller kit.
• VC2S : Voltage across the wire connecting the coil to the shunt resistor.
• VS2P : Voltage across the wire closing the loop from the shunt resistor to ENDS
controller kit.
• VT otal : Total voltage of the coil and shunt resistance assembly. Based on
Kirchhoff’s voltage law, VT otal should equals to the summation VCoil , VC2S ,
VShunt and VS2P .
The measured voltage signals listed above can be used to calculate several other
electrical signals. As explained above, coil current is calculated from VShunt as shown
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in Equation 3.3.
ICoil =

VShunt
VShunt
=
[A]
RShunt
0.01[Ω]

(3.3)

Based on Ohm’s law, dynamic coil resistance can be calculated using VCoil and ICoil
as shown in Equation 3.4.
RCoil =

VShunt
[Ω]
ICoil

(3.4)

Coil power PCoil is calculated based on values of VCoil and ICoil as shown in Equation
3.5.
PCoil = VCoil × ICoil [W ]

(3.5)

Coil energy ECoil is calculated by integrating coil power PCoil over time as shown in
Equation 3.6.
Z
ECoil =

PCoil (t)dt[J]

(3.6)

Comparing coil voltage VCoil and total voltage VT otal can be used to find the lost
voltage due to inserting the shunt resistor and the connecting wires in the loop between
the coil and the controller kit. Thus, this comparison can be also used to calculate
the lost power and energy as shown in Equations 3.7, 3.8 and 3.9.

VLost = VT otal − VCoil [V ]

(3.7)

PLost = VLost × ICoil [W ]

(3.8)

Z
ELost =

PLost (t)dt[J]

(3.9)

Method Validation
Accessing the internal electrical connections of the ENDS requires invasive opening of
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the device. The method includes opening the device to access the internal connections,
connect sensing probes (wires), and closing the device. The proposed method should
have no effects on the performance of the device. Therefore, an appropriate validation
experiment is needed to ensure that opening the device to access the internal connection
has no effects on its performance. Modifying the device could affect the device from
two perspectives: The first is affecting the internal flow path and work of the activation
sensor. Second is the effects of the electrical signal measurements.
Effect on the internal flow path: Opening the device include accessing the
internal airflow path of the device including the gasket between the pod housing
and the internal electronic kit of the PCU as shown in Figure 3.10. The procedure
also expose the pressure sensor. The Vuse ALTO uses a microphone-like pressure
sensor to detect puff events and automatically activate the coil to start aerosolization.
The sensor is placed in a flexible gasket which separates the sensor from the rest
of the internal components. The gasket forms a chamber with only one opening
toward the pod, which is used to sense pressure drop under the pod during puff
events. It is important to test the effects of the proposed method on the whole air
flow path of the device including the pressure sensor and all other gaskets. Results of
a preliminary validation experiment suggests that opening the device to access the
internal connection and closing it back had negligible effects on the performance of
the device. More appropriate validation experiment required. Such validation can use
parameters such as internal pressure drop vs. the atmosphere.
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Figure 3.10: Internal air flow path related components of Vuse ALTO. Left picture
shows the microphone-like pressure sensor and the gasket protecting it. The pressure
sensor is removed from its gasket for the purpose of taking this picture. Right picture
shows the Power Control Unit (PCU) gasket sealing between the pod housing and the
internal electronic components of the PCU.

Effects of electrical signal measurements: The method measures voltages and
currents at several connection points. The effect of measuring voltage signals is
negligible as the voltmeters have very high internals impedance (in the order of 10
[GΩ] for the meter used in this project [80]) which makes the power drawn to the
voltmeter very small. The current measurement of the coil requires inserting a shunt
resistance in the loop between the coil and the controller kit and the loop between
battery and controller kit, respectively. The shunt resistor and the extra wires add
extra impedance to that loop. This would change the normal effective resistance of
the coil assembly (coil and connection). The total resistance of the shunt resistor and
the connection is estimated to be within 0.02-0.04 [Ω]. This small change is within
the manufacturing variation in coil resistance of Vuse ALTO as shown in a previous
study of N=22 ALTO pods where effective resistance of the coil assembly was found
to be µ = 1.031 ± (σ = 0.067) [Ω] [5].
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A validation experiment is designed to ensure that the entire performance of the
device is not affected by disassembling the device and reassembling the device to
build the testbench. Figure 3.11 shows a full diagram of the validation methodology.
The procedure for this method includes experiment and optional control parts. The
experiment or test part of the validation procedure includes:
1. Execute full characterization screening trials on a brand-new device [6, 81].
2. Disassemble the device to access internal electrical connections.
3. Assemble the device and build the testbench.
4. Execute full characterization screening trials on the testbench (same device in
step 1).
5. Compare results of the two screening trials. These comparisons include:
(a) Internal pressure drop, pressure at the device’s exit (between mouthpiece
and filter) vs atmosphere pressure.
(b) YTPM per puff.
(c) Operation envelope parameters.
6. If this comparison showed no or negligible differences, the method is validated
as not affecting device performance.
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Figure 3.11: Diagram showing steps followed to validate electrical signal measurement
testbench. The left side of the diagram (experiment) includes screening trials to characterize the device before opening and a another set of screening trials to characterize
the device after opening and building the testbench. The right side of the diagram
(control) will be implemented only if needed.

The results of this experiment (validation) could be affected by several factors other
than disassembling the device, such as the manufacturing variation in e-liquid characteristics (nicotine concentration [82, 83, 84], solvent composition [84] color [82], age
[85, 86] . . . etc.), manufacturing variation in coil resistance [5], and human error.
For this reason, an optional parallel control experiment on another device could
be conducted. In this experiment, the same procedure above can be implemented
on another device. The only difference is that, in this case, the device will not be
disassembled (eliminate steps 2 and 3). The results of the two screening trials from
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steps 1 and 4 are compared to measure the variations between trials. This variation
is then compared with the variations in the parallel experiment of the disassembled
device. If the variations are comparable, the method is validated as not affecting device
performance. The parallel experiment proposed in this paragraph will be executed only
if the differences between the results of the screening trials of the original experiment
were not negligible. Additionally, the RTL had previously conducted screening trials
of 13 ENDS, so it was anticipated that changes due to the test apparatus would be
self-evident.
Screening protocol
The puffing profiles used in the screening trials are designed considering the results
achieved in a previous work [6] which defined the operating envelope of several pod
style ENDS, including Vuse ALTO. This work suggested four parameters which define
the operating limits of an ENDS in terms of puff (activation) duration and puff flow
rate. The definition of these four parameters and their values for Vuse ALTO are:
• Minimum Activation Duration (MinAD) is the minimum period of time the
ENDS should be activated in order to start generating measurable aerosol.
MinAD for Vuse ALTO was found to be 0.85 ± 0.15[Sec].
• Maximum Activation Duration (MaxAD) is the period of time at which the
ENDS automatically deactivate and stop working. This activation limit may be
declared by the manufacturer as a way to protect the coil from overheating [76].
MaxAD for Vuse ALTO was found to be 5.0 ± 0.1 [Sec].
• Minimum Activation Flow rate (MinAF) is the flow rate applied to the ENDS
at which the device is activated and starts generating aerosol. MinAF for Vuse
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ALTO was found to be 15.8 ± 1.1 [mL/Sec].
• Maximum Activation Flow rate (MaxAF) is the flow rate applied to the ENDS
at which the ENDS generate observable aspiration of q-liquid collected as droplet
on the filter pad. MaxAF for Vuse ALTO was found to be 50 ± 2 [mL/Sec].
The designs of the screening puff profiles for the validation method are informed by
the operating envelop parameters listed above. These profiles can be considered an
update subset of the profiles used in the full screening implemented in [6].
Figure 3.12 shows a detailed diagram of the validation procedure with the profile
details. These profiles are divided into three categories including activation duration,
activation flow rate, and internal pressure drop:
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Figure 3.12: Validation procedure illustrating the three types of screening profiles
including: Activation Duration, Activation Flow Rate, and Internal Pressure drop.
1. Activation Duration Profiles: This set of profiles tests the effects of puff duration
on the performance of the device. The flow rate in these profiles are fixed at 30
[mL/Sec] which was suggested as a nominal flow rate in the [6]. Puff period is
also fixed at 30 [Sec]. Each profile consists of 50 square puffs. The puff duration
used in each profile varies from 0.6 [Sec] to 6 [Sec]. These puff variation values
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are selected to cover all range of the operating envelope of Vuse ALTO at 0.6, 1,
2, 3, 4, 5, and 6 [Sec] as follows:
(a) Duration at less than MinAD (0.85) = 0.6 [Sec]. This is to reproduce the
results from the [6] at duration less that MinAD. Based on the previous
work, the device is expected to generate no aerosol.
(b) Duration at slightly higher than MinAD (0.85) = 1 [Sec] to test the device
when it is used in puffs with just enough duration to activate it and start
generating measurable aerosol.
(c) Duration values within the operation limits of the device 2,3,4, and 5 [Sec].
These profiles provide data to test the device at its normal operation. One
separate profile for each duration.
(d) Duration higher than MaxAD (5) = 6 [Sec]. This is to test the device when
it reaches its higher puff duration and the device automatically deactivates
itself.
2. Activation Flow Rate Profiles: This set of profiles tests the effects of changing
flow rate values on the performance of the device. Each profile consists of 50
square puffs. In these profiles, puff duration and puff period are fixed at 3.5
[Sec] and 30 [Sec] respectively while different flow rate is used in each profile.
The flow rate values used in these profiles are 15, 17.5, 20, 30, 40, 50 [mL/Sec].
Next is a breakdown of the different flow rate values.
(a) Flow rate less than MinAF (15.8) = 15 [mL/Sec]. This is to reproduce the
results from previous work [6] that the device does not work at flow rates
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less than MinAF.
(b) Flow rate slightly above MinAF (15.8) = 17.5 [mL/Sec]. This is to test the
performance of the device at a flow rate just enough to activate the device.
(c) Flow rates above MinAF and up to MaxAF, 20,30,40, and 50 [mL/Sec].
One separate profile for each flow rate. These profiles are for testing the
performance of the device within its normal flow rate limits.
3. Internal pressure drop: This profile consists of fixed duration puffs of 3.5 [Sec]
with 30 [Sec] puff period. The flow rate increases for every three puffs starting
from MinAF 15 [mL/Sec] to MaxAF 50 [mL/Sec] with steps of 5[mL/Sec]. The
total number of puffs in this profile is 24 puffs. This profile will be executed at
least three times to test for repeatability. The pressure drop between the lab
atmosphere and the outlet of the device (at the tube connecting the device to
the filter holder) is measured while executing this profile. Figure 3.13 shows the
profile waveform.
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Figure 3.13: Puffing profile used for internal pressure drop screening trials. The profile
consists of 24 puffs with fixed puff duration and puff period at 3.5 [Sec] and 30 [Sec]
respectively. The puff flow rate increases for every three puffs from 15 to 50 [mL/Sec]
with step size of 5 [mL/Sec].

A total of 14 puffing profiles are used for the activation duration, activation flow rate,
and pressure drop. These profile are used for repeated emission trials. Three repeated
trials were implemented for the profiles in the activation duration and activation
flow rate for both pre-open and post-open while four repeated trials were initially
implemented for pressure drop profiles for both pre-open and post-open. During the
post-open phase of the study, extra 9 trials were implemented for the pressure drop
profiles. A total of 43 trials were implemented in the pre-open phase of the study
while 53 trials were implemented in the post-open phase. During the post-open phase,
data acquisition of electrical signals was implemented during 42 trials.
ENDS Activation and Data Acquisition
The Programmable Emission System™ (PES™-1) [69], described in 3.1.2, was used
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to activate and run the the ENDS and testbench to generate and collect aerosols
for pre-open and post-open phases. Running the trials and collecting aerosol was
conducted using the same methodology explained in 3.1.2.
For the purpose of collecting electrical signal, PES™-1 is equipped with a Data
Acquisition System NI-9205 [80]. Figure 3.14 shows a top view of PES™-1 bench with
the Vuse ALTO testbench connected to it. This DAQ module contains 16 differential
channels for voltage measurement in the range of ±10 [V], ±5 [V], ±1 [V], and ±0.2
[V]. Size channels are used to collected the voltage signals from the tesbench built
in this project including VCoil , VShunt , VBattery , VC2S , VS2P , and VT otal . The module
is capable of collecting signals with sampling frequency of up to 270 [KHz]. In this
project, a sampling frequency of 5 [KHz] was estimated to be sufficient to quantify
the electrical signals of interest.
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Figure 3.14: Top view of PES™-1 bench with the Vuse ALTO testbench connected to
it.

The PES™-1 software controller was used to configure the input channels of the DAQ
and the sampling frequency. The collected signals are saved in a CSV file for each trial
along with the time stamp and the actual flow rate applied to the ENDS as measured
by the on board Alicat flow meter. The size of the generated CSV files was about 600
MB. This is due to using long puffing profiles and relatively high sampling frequency.
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During all emission trials, the ENDS (Vuse, ALTO) was always fully charged. The
ENDS was also connected to the charger during the emission trials which is allowed
by the manufacturer of Vuse ALTO [76]. This step is to ensure the battery on the
device is always charged and eliminate the effects of battery performance or status as
a confounding factor on the result of the trials.
System Verification
Before running any trials, both the Data Acquisition System and the test bench was
tested to verify that they are operational.
The Data Acquisition System built based on NI-9205 [80] was just added to
PES™-1 and had never used in any previous project. For this reason, it was tested
to ensure the accuracy of the collected data. The testing procedure included using a
separate function generator which fed a signal into the DAQ. A square wave voltage
signal of ± 5 [V] and frequency of 1 [KHz] was generated and fed into one of the
channels on the DAQ (NI-9205). The PES™-1 was then ran for the normal emission
trials with no ENDS connected to it. The goal of this trial is only to collect the
electrical signal through the DAQ to test its accuracy. The acquired signal was saved
in a CSV file as if it was from an ENDS testbench. The collected data was analyzed
for power spectral density (PSD) estimation. As shown in Figure 3.15, the input
signal was successfully acquired and analyzed at the correct frequency. This test was
repeated over different input channels on NI-9205 DAQ and with sampling frequencies
of 5, 10 and 50 [KHz] and all tests were successful.
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Figure 3.15: Data Acquisition System verification experiment. Power spectral density
estimation of the input signal of 1 [KHz].

Testbench Verification After building the test bench and before running the
official emission trials, it was initially tested to verify its operation. Initial tests
showed that the voltage of the shunt resistor (VShunt ), VC2S , and VS2P were higher
than expected. This issue became more obvious when the testbench failed the total
voltage check as the summation of VCoil , VC2S , VShunt and VS2P was greater than the
total voltage. Several diagnostic tests were implemented to solve this issue and find
the source of the extra noisy voltage added to some of the collected signals. The test
included checking and replacing the shunt resistor, the wires, and the pod. The test
also included using a secondary Data Acquisition system (Saleae Logic Analyzer) [87].
After running 40 tests each under different parameters, the source of the issue was
found that the bread board used for the testbench was of low quality and was causing
interference between the signals. The breadboard was replaced with higher end one
and the issue was fixed. The verification tests concluded that the testbench was ready
to be used in the official emission trials.
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Pressure Drop Validation
The ENDS is connected to the the programmable emission system (PES) through a
rubber connecting tube. The ENDS was hanging by the this connecting tube while
placed on a platform at an angle of 30 degree. This setup was successful for the
pre-open trials as the mass of the ENDS is relatively small. However, the additional
components used to the build the testbench such as the breadboard, the wires, and
the ribbon cable increased the mass and size of the ENDS drastically. For this reason,
the pulling force of the connecting tube was not enough to fix the testbench in place.
This added inconsistency to the measured pressure drop and thus the performance of
the whole device. For this reason, in addition to the pre-open trial, three iterations of
emission trials are implemented for the post-open of internal pressure drop validation.
Next is a list of the four types of emission trials implemented for pressure drop
validation:
1. Base Pre-open: Total of four trials before opining the deice. The results of
these trials are used as a baseline for comparison with after opening the device
an building the testbech.
2. Post-Open-Condition1: Total of four trials implemented directly after the
testnech is built. While implementing these trials, the operator did not pay good
attention to the orientation/position of the testbench (ENDS). The top picture
of Figure 3.16 shows an example of the wrong orientation of the testbench which
affect the airflow between the pod and and the pod housing in the PCU.
3. Post-Open Condition2: Total of five trials in which the operator paid well
attention to the orientation of the testbench (ENDS) to make sure that it aligned
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with the filter pad holder and the rest of the flow path in the PES.
4. Pos-Open Condition3: Total of four trials in which the operator aligned the
testbench as described in Condition2. In addition, the operator pushed the
testbech toward the filter pad holder and secured it in place using a clamp as
shown in Figure 3.16. This setup provided the best comparison with the baseline
(pre-open) as shown in the Results section of this chapter. All of the post-open
emission trials are conducted under this condition.

Figure 3.16: Dynamic power measurement testbench connected to the Programmable
Emission System 1 (PES-1). Top picture shows top view of the testbench with wrong
orientation. Bottom picture shows side view of the testbench connected to the filter
pad holder on PES-1 at an angle of 30 degree.
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Signal Analysis
Analysis process starts with cleaning the time stamp and voltage signals measured by
the testbench and acquired by DAQ on PES-1. The timestamp variable provided by
the DAQ in the CSV file is not always accurate. Over time and with long emission
tirals of tens of minutes, the time stamp variable starts to freeze at a constant value for
several steps before it jump and correct its value. An algorithm is developed to solve
this issue. The algorithm first evaluates the timestamp and give a percentage of the
steps at which the variable freezes. The this percentage is above a certain threshold
(a parameter which is arbitrarily set to 1 [%]) the algorithm corrects the timestamp
based on in information from the timestamp itself and the sampling frequency.
Cleaning the voltage signals is next in the analysis process. This includes cleaning
shunt voltage (VShunt ) and solve signal mismatch between coil voltage (VCoil ) and
shunt voltage which intern lead to mismatch between coil voltage and coil current.
This mismatch lead to coil resistance values of NaN due to dividing coil voltage of zero
over coil current of zero. This is solved by replacing all NaN values by zeros. Another
issue is lead to producing coil resistance values of Inf due to dividing coil voltage of
non zero over coil current of zero. This problem is solved by replacing Inf values with
the minimum of the values at time steps before and after the Inf. This process is
similar to the median filter of window of size three except that it uses minimum value
instead of median value.
As the examples in Figure 3.8 shows, power is supplied to the coil inform of pulses.
To analyze these pulses, an algorithm is developed to find the start and end of each
pulse. The algorithm takes coil voltage (VCoil ) as an input and returns the timing
information about the pulse such as indices of the start and end of each pulse and
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pulses duration. The steps of the algorithm are:
1. Compare the input VCoil signal against a threshold to produce clean square
pulses of only 0 or 1. The threshold used in this study is 3 [V].
2. Differentiate the binary square pulses.
3. Find the start of each pulse which represented as +1 in the differentiated signal.
4. Find the end of each pulse which is represented as -1 in the differentiated signal.
5. A pulse with only one step different between its start and its end is considered
noise. The start and end of these noise pulses are removed.
6. The time between the start of the pulse and the end of the pulse is pulse duration.
7. Find the period of each pulse using the start of the new pulse.
8. Pulses with period of more than a threshold value is considered a start of a
separate puff.
This algorithm was used to find indices of each pulse in addition to pulse duration,
pulse interval, and pulse period. Similar algorithm is used to find the same information
of each puff based solely on coil voltage VCoil signal.
The indices of start and end of each pulse were used to to calculate several parameters
at the pulse level including:
• Number and duration of pulses in each trial.
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• Duty cycle of each pulse in each trial.
• Number, duration, interval and period of puffs in each trial.
• VCoil , ICoil , PCoil , RCoil , ECoil and ELost of each pulse.
• Number duration and interval of each puff in a trial.
• Several other parameters such as coil temperature were calculated.
Temperature Analysis
The temperature coefficient of resistance (TCR) is a characteristic of metal materials
which describes the changes in the resistance of the material as a function its temperature [88, 89]. TCR is expressed as part per million ppm/◦ C. Equation 3.10 shows
the expression for TCR which is also expressed as α.

T CR = α =

1
RRef

·

∆R
[ppm/◦ C]
∆T

(3.10)

where RRef is the reference resistance resistance, ∆R is the change in resistance in
[Ω], and ∆T is the change in resistance in [◦ C]. Alternatively Equation 3.10 can be
expressed to calculate the temperature as a function of resistance and α as shown in
Equation 3.12 and 3.11.

∆T =

T =

∆R ◦
[ C]
RRef · α

R
RRef

α

−1

+ TRef [◦ C]

(3.11)
(3.12)
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where:
• T is the current temperature.
• R is the current resistance.
• TRef is the temperature at which α is specified.
• RRef is the resistance at RRef .
The value of TCR (α) depends on several factors including alloy composition [90, 91],
material thickness [90, 92] and manufacturing process [93, 94]. Preliminary analysis,
conducted by Dr. Nathan Eddingsaas at the Respiratory Technologies Lab, showed
that the coil used in the Vuse ALTO composed of Ni, Fe, and Cr (Nichrome).
For the purpose of this study, TCR (α) for nichrome is considered linear [89, 95] at
0.00017 [90]. The reference resistance (RRef ) of the coil is considered as the first coil
resistance reading in each emission trial while the reference temperature (TRef ) is
assumed to be 25 [◦ C].
Test Specimens and Storage Condition.
The Vuse ALTO [76] PCU and pods used in this study were purchased from local
retail shops in the Rochester, NY area. A total of N=22 pods were actually used in
emission trials. Previous studies conducted at RTL, in addition to studies conducted
by other groups [86, 96], showed that storing e-liquid pods in the refrigerator slow
down degradation of the e-liquid as indicated by changing its color. For this reason,
the pods used in this study were stored in a regular household refrigerator which
maintains the temperature within the range recommended by the manufacturer to
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store the pods [76]. To protect the pods from humidity, the sealed packets are placed
in double ziplock plastic bags. As needed for the emission trials, the pods were taken
out of the refrigerator one packet at a time. They are placed in room temperature
about 24 hours before they are used. An inventory sheet is used to keep track of the
time and date each pod and packet is placed in and taken out of the refrigerator.
The status of the packets and pods were thoroughly documented using pictures. Figure
3.17 shows an example of the pictures taken do document the status of the pods before
they are used. The documentation also included e-liquid color classification. As it was
already demonstrated in a previous publication [7], e-liquid color effects in the mass of
the generated emission. Standard color palettes are used to assign color to the pods
based on their e-liquid colors as shown in Figure 3.17. The pods with darker colors
were eliminated from the study. This step is visually implemented by the operator
and has inherent limitation. However, it was sufficient for the purpose of this study.

Figure 3.17: Inventory documentation of Vuse ALTO pods status before they are used.
The documentation included physical check of the packet and the pods, e-liquid color
classification, and inventory ID assignment.
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Results

Much of the text presented in subsection 3.2.1 and 3.2.2 has been adapted from a
previously published creative commons article [5, 71].

3.2.1

Static Coil Resistance Measurement

Two wire vs four wire configuration
Coil resistance test fixtures are built for two pod-style products: ALTO and JUUL. The
constant current resistance measurement method was used to measure N = 22 ALTO
pods and N = 16 JUUL pods with both the two- and four-wire lead configurations. A
sampling distribution of the mean was conducted for each test specimen, consisting of
120 repeated-measure resistance readings with the digital multimeter at one-second
intervals. Variation between repeated readings exhibited a 95% confidence interval
of less than 0.0002 (Ω) for every set of 120 repeated observations per pod and test
configuration (2 wire vs. 4 wire), indicating excellent stability of the test fixture.
The mean resistance value of the N = 22 ALTO pods had a range of 1.018–1.304 (Ω)
for the two-wire configuration and 0.933–1.214 (Ω) for the four-wire configuration.
The mean resistance of the N = 16 JUUL pods had a range of 1.631–1.744 (Ω) for the
two-wire configuration and 1.544–1.659 (Ω) for the four-wire configuration.
Figure 3.18 shows a box plot of four groups of data: the two-wire and four-wire
readings for ALTO pods and JUUL pods. The mean resistance and standard deviation
of N = 22 ALTO pods was observed to be 1.118 (0.053) (Ω) using the two-wire
lead configuration and 1.031 (0.052) (Ω) using the four-wire lead configuration. The
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ALTO data exhibits a slight positive skew and a paired t-test between the two-wire
lead and four-wire lead configurations exhibits a difference in means of δ = 0.087
(Ω) (p < 0.001). The mean resistance (and standard deviation) of N = 16 JUUL
pods was observed to be 1.710 (0.032) (Ω) using the two-wire lead configuration and
1.624 (0.033) (Ω) using the four-wire lead configuration. The JUUL data exhibits a
negative skew and the paired t-test between the two- and four-wire configurations
exhibits a difference in means of δ = 0.086 (Ω) (p < 0.001). Results demonstrate that
the two-wire lead configuration exhibits a positive bias of ≈ 0.087 (Ω), as would be
expected due to the additional resistance (2 × RLead) present in the two-wire lead test
configuration illustrated in Figure 3.1. For this reason, only four-wire configuration
data is taken to the next analysis step.
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Figure 3.18: Box plot and t-test results of Vuse ALTO (N = 22) and JUUL (N = 16)
coil resistance readings for the two-wire and four-wire configurations using the constant
current method. The differences between the two-wire and four-wire configurations
are 0.087 (Ω) (p < 0.001) and 0.086 (Ω) (p < 0.001) for Vuse ALTO and JUUL,
respectively. The magenta difference bars are pointing at the group means while the
red line in the box plot refers to the group medians. The box notches illustrate the
95% confidence interval on the median. Reproduced from a previous published work
by the author [5].

The test/re-test correlation coefficient, rtest/re−test , and the one-to-one intra-class
correlation coefficient, ICC1:1 , were computed to assess the repeatability of the testing
apparatus. The one-to-one intra-class correlation coefficient is conducted on two sets
of readings. The first set is the means of the 120 readings reported in the previous
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paragraph. The second set consists of repeated measurements for the same pods five
months later. This comparison will show the stability of the test fixture and pods
over a period of five months. The ICC1:1 for ALTO (N = 13) is 0.9997 (13) p <
0.001 and for JUUL (N = 16) is 0.9960 (16) p < 0.001. The test/re-test correlation
coefficient is used to show the consistency or reliability among measurements. A set
of 10 consecutive readings with a 2–5 second interval is taken for each pod. The
test/re-test correlation coefficient for ALTO (N = 17) is 0.9997 (144) p < 0.001 and
for JUUL (N = 16) is 0.9873 (135) p < 0.001.
A quantile–quantile (Q–Q) plot of each data sample obtained using the unbiased
four-wire lead configuration is shown in Figure 3.19. The data was evaluated against
several standard distributions, and the normal distribution was found to be the closest
fit to both ALTO and JUUL data, with a slight positive and negative skew, respectively,
consistent with the box plots in Figure 3.18.
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Figure 3.19: Q–Q plot of the four-wire coil resistance readings of Vuse ALTO (N =
22) and JUUL (N = 16) for a standard normal distribution. The data was tested
against several standard random distributions and normal distribution was found to
be the closest fit. Reproduced from a previous published work by the author [5].

Figure 3.20 shows a normalized histogram and fitted pdf for the four-wire resistance
readings of the ALTO and JUUL. The plot shows that both pod products exhibit
manufacturing variation in coil resistance. The mean and standard deviation of the
sample distributions from the unbiased four-wire lead configuration are 1.031 (0.067)
(Ω) for the ALTO and 1.624 (0.033) (Ω) for the JUUL. A two-sample t-test was
conducted to assess the effective mean resistance between the two pod products,
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demonstrating a result of δ ≈ 0.593 (Ω) (p < 0.001).

Figure 3.20: Normalized histogram and fitted Probability Density Function (PDF) for
four-wire coil resistances of Vuse ALTO (N = 22) and JUUL (N = 16). The group
mean resistance of Vuse ALTO pods is 0.593 (Ω) (p < 0.001) less than that of JUUL
pods. The sample of Vuse ALTO pods tested exhibits more manufacturing variability
than the sample of JUUL pods. Reproduced from a previous published work by the
author [5].

Expanding the Static Coil Resistance Measurement
The method proposed for coil resistance measurement was applied to a total of thirteen
pen and pod style ENDS. Table 3.1 shows group mean (µ) and standard deviation (σ)
coil resistance measurement of the thirteen products. It also shows the manufacturer
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stated coil resistance of some of the products.

3.2.2

Effects of Manufacturing Variation on Coil Lifetime and
TPM

Coil lifetime was defined as a sharp increase in coil resistance wherein the coil melts
or disconnects. Verification of a sharp increase in coil resistance as a measure of coil
life-time was demonstrated by dissecting and inspecting three Vuse ALTO pods with
different levels of usage. Figure 3.21 shows pictures of Vuse ALTO coils with three
different conditions: New coil, Pre-Failed and Failed. The ALTO coils are ‘S’ shaped
metal strips on a porous ceramic wick substrate. Two metal connectors, evident as the
circular area on the left and right side of each image, are mounted to the terminals of
the coil and connect the coil to the power control unit. The new coil had never been
used and exhibited no sign of wear. The pre-failed coil had been used until the pod
appeared visually empty of e-liquid. It was, however, a working coil with a functional
resistance value. The pre-failed coil ex-hibited signs of erosion and oxidation especially
in the lower portion of the ‘S’. The failed coil had been used until its resistance value
increased to ≈400 [kΩ] indicating coil failure. The failed coil exhibited severe signs of
wear and a complete physical break in the metal ‘S’ coil can be easily seen below and
to the right side of the left terminal.

Custom Apparatus
Manual
Manual

NR
NR
1.4
1.3
NR
1.4
0.6
1
2.3
2.3
NR
NR
0.17
NR

Pod
Pod
Pod
Pod
Pod
Pod
Pod
Pen
Pen
Single Use
Pen
Pen
Single Use

JUUL

Vuse ALTO

SMOK Novo 2

Myblu

NJOY Ace

Caliburn Uwell

Aspire Breeze2

Vapor4Life Titan

Logic Pro

Vuse VIBE

SMOK Stick Prince

PuffBar

Hyde

1

2

6

1

8

4

2

1

3

8

18

3

17

16

Measured

N Coil

1.688

0.174

2.693

1.61

2.443

2.258

1.008

0.63

1.405

1.034

1.416

1.463

1.063

0

0.005

0.018

0

0.077

0.053

0.009

0

0.013

0.079

0.017

0.047

0.075

0.033

StDev σ [Ω]

Resistance µ [Ω]
1.633

Measured

Measured Coil

Table 3.1: Measured coil resistance using four-wires for thirteen pen and pod style ENDS products.

Manual Destructive

Manual

Manual

Manual Destructive

Manual

Manual

Custom Apparatus

Custom Apparatus

Custom Apparatus

Custom Apparatus

Custom Apparatus

Method

Coil Resistance [ohm]

Style

Measurement

Manufacture Stated

ENDS

Product Model
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Figure 3.21: Pictures of ‘S’ shaped Vuse ALTO coils with three different conditions.
‘New Coil’ is a never used coil, ‘Pre-Failed’ is a coil which had been used until the pod
appeared nearly empty of E-Liquid, and ‘Failed’ is a coil which had been used until
its resistance value increased to ≈400 [KΩ]. Reproduced from a previous published
work by the author [7].

Impact of Initial Coil Resistance on Coil Lifetime and TPM Yield
The first objective was to investigate the effects of variation in initial coil resistance
(prior to first puff) on coil lifetime (measured as number of puffs until coil failure)
and TPM yield per puff. Figure 3.22 shows coil resistance values for each session
as a function of cumulative puff count. The data points are presented as a scatter
plot of coil resistance vs cumulative puff count, overlaid by a boxplot of the same
data in an effort to understand changes in variation over the course of coil life. The
first six emissions sessions for all pod specimens consisted of 20 puffs per session.
Thereafter, the operator reduced the count from 20 to 10 to 5 puffs per session as
the e-liquid remaining in each pod decreased. The initial coil resistance of the pods
ranged between 0.89 [Ω] and 1.14 [Ω] with sample mean (µ) = 1.02 [Ω] and standard
deviation (σ) = 0.081 [Ω]. Coil resistance was relatively steady for the first 120 puffs
(≈ first 6 sessions). After 135 puffs, coil resistance values started to increase as some
pods started to exhibit coil failure and the number of scatter points decreases as a
function of cumulative puff count. After 165 puffs, only 3 coils remained operable,
while after 190 puffs only one coil remained in operation. Coil lifetime varied be-tween
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pods from 135 puffs to 215 puffs with µ = 158 puffs and σ = 21.5 puffs.
We generated a scatter plot (not shown) of this data and conducted linear regression
analysis to investigate a possible association between initial coil resistance and coil
life-time. There was insufficient evidence to support an association between coil
lifetime and initial coil resistance (r = -0.07, p = 0.79). Next, we generated a scatter
plot (not shown) to investigate a possible association between initial coil resistance
and initial TPM yield per puff (first session). The initial TPM yield per puff ranged
from 0.0118 [g] to 0.0129 [g] with µ = 0.0123 [g] and σ = 0.0003 [g]. We found no
evidence to support this relation (r = -0.26, p = 0.35).

Figure 3.22: Coil resistance over time (no. puffs) starting with brand new full pod
until failure for the N = 15 pods tested in this study. Data is represented as scatter
plot where each pod is represented by a different marker color. Data is also represented
with a box plot where the horizontal red marker indicates the group mean and a red
plus marker indicates the corresponding data point is an outlier. Reproduced from a
previous published work by the author [7].

Impact of Initial Pod Mass on Coil Lifetime and Coil Resistance Variation
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The second objective was to investigate the effects of variation in initial pod mass on
coil lifetime and TPM yield per puff. Figure 3.23 shows coil resistance values vs pod
mass at each session starting from a brand-new full pod to coil failure point. The gross
mass of the brand new pods (initial pod mass) ranged from 6.48 [g] to 6.61 [g] with µ
= 6.54 [g] and σ = 0.0469 [g] while the tare mass of the pods after failure (end pod
mass) ranged from 4.56 [g] to 4.67 [g] with µ = 4.61 [g] and σ = 0.0342 [g]. During
the exhaustive test, the net mass of the e-liquid consumed out of each pod ranged
from 1.88 [g] to 2.00 [g] with µ = 1.93 [g] and σ = 0.035 [g]. The connecting lines
between scatter points are used as a visual aid to show that coil resistance remains
relatively steady for most of the session series, while e-liquid remained in the pods.
However, coil resistance values initially decreased as the e-liquid level approached
the wick and then sharply escalated, indicating coil failure, at which point the pods
visually appeared completely empty. We generated scatter plots (not shown) of this
data and conducted linear regression analysis to investigate a possible as-sociation
between initial pod mass and coil lifetime. We found insufficient evidence to correlate
coil lifetime with either initial pod mass (r = 0.03, p = 0.9) or the net mass of e-liquid
consumed (r = -0.2, p = 0.45).
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Figure 3.23: Coil resistance value vs pod mass before each session starting from brand
new full pod until failure where the pod visually looks empty for N = 15 pods tested
in this study. Each pod is represented by a different marker color. Reproduced from a
previous published work by the author [7].

Impact of Initial Pod Mass on TPM Yield
Figure 5 shows the TPM yield per puff vs pod mass at each session starting from
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a brand-new full pod to coil failure point. As expected, the TPM yield per puff
approaches 0 when the e-liquid in the pod is fully or almost fully consumed. We
generated scatter plots (not shown) to investigate a possible association between initial
pod mass and initial TPM yield per puff. We found insufficient evidence to correlate
TPM yield per puff with initial gross pod mass (r = -0.23, p = 0.41) or with net mass
of e-liquid consumed (r = 0.08, p = 0.76).

Figure 3.24: TPM yield per puff vs pod mass for each session starting from brand
new full pods until coil failure where the pod visually looks empty for N = 15 pods
tested in this study. Each pod is represented by a different marker color. Reproduced
from a previous published work by the author [7].
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Quantifying variation in e-liquid color
Visual inspection of pods which were just taken out of the consumer over-packing
(not exposed to light or air since packaged by the manufacturer) revealed variations
in e-liquid color among pods in different blister-packs and between pods in the same
blister-pack as shown in Figure 3.25. The pods were primitively classified as “light” or
“dark” in color (prior to running experiments) by visually comparing the pods with
each other. Out of 15 ALTO pods used in the experiment, 11 pods were classified as
“light” while 4 were classified as “dark”. While analyzing the data, it was noticed that
coil lifetime of pods with light color e-liquid appeared to be consistently shorter than
that of dark color e-liquid as shown in Figure 3.22. In this figure, the pods classified
as light color noted with ‘*’ while pods classified as dark color noted with ‘o’. The
light color group was found to have coil lifetime in the range of 135 to 165 with µ =
149, σ = 10.7 puffs while the dark color group had coil lifetime in the range of 165
to 215 with µ = 185, σ = 22.7 puffs. An a-posteriori t-test between the two groups
showed a difference of 36 puffs (p <0.001), confirming an association between coil
lifetime and e-liquid color. The TPM of the pods in the light e-liquid group and the
dark e-liquid group behave differently while the e-liquid is being consumed as shown in
Figure 3.24. The TPM yield per puff of the light e-liquid group, ‘*’, is relatively steady
for most of the sessions and sharply decreases when the e-liquid is fully consumed or
almost consumed. On the other hand, for the dark e-liquid pods, ’o’, the TPM yield
per puff gradually (linearly) decreases while more e-liquid is being consumed until it
sharply decreases just before the e-liquid is fully consumed. These observations were
not further analyzed as they lack the appropriate chemical analysis, which explains
the variations in e-liquid color. A study with the appropriate measurements is being
undertaken to closely investigate this variation and its effects on ENDS performance.
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Figure 3.25: Nicotine flavor Vuse ALTO pods withnominal 5.0% nicotine concentration.
The two pods in the same pack have e-liquids with two different colors. The left pod
was classified as light color while the right pod was classified as dark color. Reproduced
from a previous published work by the author [7].

3.2.3

Dynamic Electrical Signal Measurement of Modern ENDS

Testbench Validation
Two types of emission trials were conducted to validate the testbench. The first type
tests the effects of building the testbench on the internal flow path of the ENDS while
the second type tests the effects on the mass of the generated aerosol.
Total of N=17 emission trials were conducted for the pressure drop comparison. These
trials are divided into four for each of the base line pre-open, post-open condition 1,
and post-open condition 2 while five trials were conducted under post-open condition
3. Figure 3.26 shows the pressure drop measurement for these four conditions. Each
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point in the scatter plot represent the mean (µ) and 95 [%] confidence interval as error
bar with piecewise line connecting the points. The results of this tests showed that
the pos-open condition 3 has comparable results with the base line pre-open condition.
This condition is followed to setup the testbench in the rest of the conducted trials in
this study.

Figure 3.26: Inlet pressure drop comparison of baseline (before open) and three
post-open conditions.

Total of N=78 emission trials were conducted test the effects of building the tesbench
and making electrical signal measurement on the mass of the generated aerosol. These
trials are equilly divided between the pre-open and post-open phase of the validation
procedure. The trials are set up using puffing profiles which cover most of the range
of operating envelope of the ENDS in terms of puff duration and flow rate as shown
in Figure 3.27.
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Figure 3.27: Design of experiment showing the puff duration and puff flow rate values
which are used in the validation procedure.

Figure 3.28 shows pairwise comparison between the total particular matter per puff
(YT P M /P uf f ) between the pre-open and post-open results grouped by puff duration
and puff flow rate. Results shows that while there is bias between pre-open and
post-open results, this difference is not statically significance. This bias is also with in
the variation of trials in each group as depicted in the error bars.
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Figure 3.28: TPM comparison between pre-open and post-open over different puff
duration.

The results of the validation procedure suggests that it is reasonable to assume that
the testbench has negligible effects on the performance of the device.
Examples of Electrical Signals of Vuse ALTO
Electrical signals of Vuse ALTO were collected for 51 emission trials. These trials
included a total of 2264 puffs. Figure 3.29 shows dynamic measurements of electrical
signals including coil voltage, coil current, coil power, and coil resistance vs. puff
flow rate. The figure clearly shows that the power is supplied to the coil as a wave of
periodical pulses.
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Figure 3.29: Dynamic measurements of coil electrical signals voltage, current, power
and power vs. puff flow rate for Vuse ALTO. The figures shows the first 0.1 [Sec]
around the start of a puff.

Figure 3.30 shows dynamic measurement of battery voltage vs. puff flow rate. The
figure shows that the battery voltage shows unstable behavior during the puff. After
each puff, the battery voltage recovers; however, it never reaches its original value
before the next puff. In order to show this behavior, voltage battery in this figure was
collected while the charger was not connected to the ENDS.
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Figure 3.30: Dynamic measurement of battery voltage vs. puff flow rate for Vuse
ALTO during a puffing trial of 20 puffs.

Pulse Time Analysis
Figure 3.31 shows an example of a single pulse waveform of coil voltage with annotations
of pulse duration, pulse interval and pulse period. Pulse duration is the time from the
rising edge of a pulse to the falling edge of a pulse. Pulse interval is the time from the
falling edge of a pulse to the rising edge of the consecutive pulse. Pulse period is the
summation of pulse duration and pulse interval. Pulse duty cycle is the ratio between
pulse duration and pulse interval and such has no measurement unit. Pulse frequency
can be calculated as the inverse ( P ulseP1 eriod ) of pulse period.
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Figure 3.31: An annotated example of a single pulse waveform.

Figure 3.32 shows analysis of pulse duration, pulse interval, pulse period, and pulse
duty cycle of coil voltage signals collected for 51 emission trials. A total of 859060
pulses were detected in these 51 trials. Except 126 pulses, which are at the beginning
of some of the puffs, all detected pulses showed comparable behavior. The top left
panel of Figure 3.32 shows a scatter plot of pulse duration vs pulse duty cycle. Only
126 pulses have duration higher than the rest of the pulses. Consequently, these pulses
have pulse period higher than the rest of the pulses. Analysis showed that these pulses
are at the start of some of the puffs in the trials. The analysis in this section ignore
these pulses with high pulse duration. Linear regression analysis showed that pulse
duration has positive linear relationship (P < 0.0001) with pulse duty cycle. The mean
of pulse duration was found to be 0.0041 [Sec]. The top right panel of Figure 3.32
shows a scatter plot of pulse interval vs pulse duty cycle. Linear regression analysis
showed that pulse interval has negative linear relationship (P < 0.0001) with pulse
duty cycle. The mean of pulse interval was found to be 0.0043 [Sec]. The bottom
left panel shows a scatter plot of pulse period vs pulse duty cycle. Linear regression
analysis shows that pulse period staid constant in relation with pulse duty cycle.
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The mean of the pulse period was 0.0084 [Sec] which leads to a pulse frequency of
1
0.0084[Sec]

= 119.58[Hz]. The bottom right panel of Figure 3.32 shows a scatter plot

of pulse duration, pulse interval and pulse period vs pulse duty cycle. This plot is
zoomed in to cover the pulses with normal operation (i.e ignoring the 126 pulse with
high pulse duration). The plot shows how pulse period is constant relative to the
change in duty cycle while pulse duration and pulse interval have linear relationship
with pulse duty cycle. The duty cycle for these pulses span the range from 0.3 to 0.6.

Figure 3.32: Pulse time analysis of coil voltage. A total of 51 trials which include
859060 pulses were used to produce this figure. The figure includes analysis of pulse
duration (top left), pulse interval (top right), pulse period (bottom left) and pulse
duty cycle (bottom right).
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Coil Activation Time Analysis
Puff duration is the time during which flow rate is applied on the ENDS device while
activation duration is the period of time the coil is actually activated by the PCU
with power. The activation duration is calculated as the time from the rising edge of
the first pulse in a puff to the falling edge of the last pulse in the puff. The activation
duration of 2264 puffs from the 51 emission trials were calculated. Figure 3.33 shows
a scatter plot of activation duration vs command puff duration. Result showed that
activation duration matches puff duration for puff duration equal or less than 5 [Sec].
Activation duration is still 5 [Sec] for all puff durations higher than 5 [Sec]. This
suggests that Vuse ALTO exhibited an automatic shutoff at duration = 5 [Sec].

Figure 3.33: Activation duration vs command puff duration. This plot is generated
with data of 2264 puffs from a total of 51 emission trials.
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Coil Energy Energy consumed by the coil was analyzed at the puff level and at the
pulse level. Energy per puff can be used
Energy per puff: Figure 3.34 shows the total particulate matter per puff (YT P M /P uf f )
as a function of energy consumed by coil per puff. Each point in the plot represents
mean and 95% confidence interval of three repeated trials. Linear regression analysis
(not shown in figure) suggested that there is a positive linear relationship between
mass of generated aerosol (YT P M /P uf f ) and energy consumed by coil per puff.

Figure 3.34: Aerosol yield per puff vs coil energy per puff for 39 emission trials grouped
by puff duration and puff flow rate. Each point in the plot represents mean and 95%
confidence interval of three repeated trials.
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Figure 3.35 compares the loss in generated aerosols (YT P M /P uf f ) and the energy lost
by the shunt resistor and connecting wires used to build the test bench (ELost /P uf f ).
Each data point represents trials grouped by puff duration and puff flow rate. The
lost in generated aerosol was calculated by comparing the mean of YT P M /P uf f of
each group of pre-open trials with YT P M /P uf f of the same group of the post-open
trials. Linear regression analysis showed that there is a positive linear relationship
(P=0.02) between the loss in the mass of the generated aerosol (YT P M /P uf f ) and
the lost in coil energy (ELoct /P uf f ).

Figure 3.35: Loss in mass of generated aerosol per puff as a function of energy lost in
coil per puff grouped by puff duration and puff flow rate.
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Trials Criteria Table 3.2 shows details of the 51 emission trails used for power and
temperature analysis. This table can be used as a key to a better understanding of
the figures presented in rest of this section.
Flow Rate
No

Trial ID

Duration

Coil ID

Study Phase
[ml/Sec]

[Sec]

No

Trial ID

Flow Rate

Duration

[ml/Sec]

[Sec]

Coil ID

Study Phase

1

C0044

CONS0189-01

Var 15:5:50

3.5

InletPressure

27

C0072

CONS0190-01

50

3.5

ActivationFlowRate

2

C0045

CONS0189-01

Var 15:5:50

3.5

InletPressure

28

C0073

CONS0190-01

30

1

ActivationDuration

3

C0046

CONS0189-01

Var 15:5:50

3.5

InletPressure

29

C0074

CONS0190-01

30

3

ActivationDuration

4

C0047

CONS0189-01

Var 15:5:50

3.5

InletPressure

30

C0075

CONS0190-01

30

6

ActivationDuration

5

C0048

CONS0189-01

30

0.6

ActivationDuration

31

C0076

CONS0190-02

17.5

3.5

ActivationFlowRate

6

C0051

CONS0189-01

Var 15:5:50

3.5

InletPressure

32

C0077

CONS0190-02

30

3.5

ActivationFlowRate

7

C0052

CONS0191-01

Var 15:5:50

3.5

InletPressure

33

C0078

CONS0190-02

50

3.5

ActivationFlowRate

8

C0053

CONS0191-01

Var 15:5:50

3.5

InletPressure

34

C0079

CONS0190-02

30

5

ActivationDuration

9

C0054

CONS0191-01

Var 15:5:50

3.5

InletPressure

35

C0080

CONS0190-03

15

3.5

ActivationFlowRate

10

C0055

CONS0191-01

Var 15:5:50

3.5

InletPressure

36

C0081

CONS0190-03

20

3.5

ActivationFlowRate

11

C0056

CONS0191-01

Var 15:5:50

3.5

InletPressure

37

C0082

CONS0190-03

40

3.5

ActivationFlowRate

12

C0057

CONS0191-01

Var 15:5:50

3.5

InletPressure

38

C0083

CONS0190-03

30

0.6

ActivationDuration

13

C0058

CONS0191-02

30

0.6

ActivationDuration

39

C0084

CONS0190-03

30

2

ActivationDuration

14

C0059

CONS0191-02

30

1

ActivationDuration

40

C0085

CONS0190-03

30

4

ActivationDuration

15

C0060

CONS0191-02

30

2

ActivationDuration

41

C0086

CONS0190-03

30

5

ActivationDuration

16

C0061

CONS0191-02

30

3

ActivationDuration

42

C0087

CONS0192-01

15

3.5

ActivationFlowRate

17

C0062

CONS0191-02

30

4

ActivationDuration

43

C0088

CONS0192-01

20

3.5

ActivationFlowRate

18

C0063

CONS0191-02

30

6

ActivationDuration

44

C0089

CONS0192-01

40

3.5

ActivationFlowRate

19

C0064

CONS0191-03

17.5

3.5

ActivationFlowRate

45

C0090

CONS0192-01

30

0.6

ActivationDuration

20

C0065

CONS0191-03

30

3.5

ActivationFlowRate

46

C0091

CONS0192-01

30

2

ActivationDuration

21

C0066

CONS0191-03

50

3.5

ActivationFlowRate

47

C0092

CONS0192-01

30

4

ActivationDuration

22

C0067

CONS0191-04

30

1

ActivationDuration

48

C0093

CONS0192-02

30

5

ActivationDuration

23

C0068

CONS0191-04

30

3

ActivationDuration

49

C0094

CONS0192-02

15

3.5

ActivationFlowRate

24

C0069

CONS0191-04

30

6

ActivationDuration

50

C0095

CONS0192-02

20

3.5

ActivationFlowRate

25

C0070

CONS0191-04

17.5

3.5

ActivationFlowRate

51

C0096

CONS0192-03

40

3.5

ActivationFlowRate

26

C0071

CONS0191-04

30

3.5

ActivationFlowRate

-

-

-

-

-

-

Table 3.2: Details of 51 emission trails used for power and temperature analysis.
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Energy per pulse: Figure 3.36 shows a scatter plot of energy consumed by coil per
pulse for the firs puff of total of 51 emission trials. The figure also has a zoomed in
view to show the behavior of pulse energy as a function of time. It is clear from the
figure that the first a few pulses of the puff have higher energy. Later in the puff, the
energy steadily and slowly decreased over time.

Figure 3.36: Energy per pulse for the first puffs of 51 trials. The zoomed in view
shows the behavior of pulse energy as a function of time.

Coil Temperature
Figure 3.37 shows a scatter plot of coil temperature of each pulse in the first puff of
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the activation duration and activation flow rate trials. Coil temperature is low at the
beginning of the puff. Coil temperature increases rapidly for the first pulses of the
puff. later, coil temperature converge around a steady level which is different for each
trial and pod.

Figure 3.37: Coil temperature of the first puff in the activation duration and activation
flowrate trials.
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Pulse Duty Cycle
Figure 3.38 shows a scatter plot of pulse duty cycle of the first puff in 51 trials. Pulse
duty cycle at the start of the puff (approx first 0.2 [Sec]) is very high, almost 1. Then,
pulse duty cycle rapidly decreased to a range of about 0.4 to 0.6. In general, pulse
duty cycle converge to a steady level for each trial.

Figure 3.38: Pulse duty cycle of the first puff in the activation duration and activation
flowrate trials.
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Discussion

Much of the text presented in subsection 3.3.1 and 3.3.2 has been adapted from a
previously published creative commons article [5, 71].

3.3.1

Static Coil Resistance Measurement

Two wire vs four wire configuration
The four-wire constant current method is the preferred technique for quantifying
electronic cigarette coil resistance. Between-product comparisons may not be reliable
when resistance measurements are taken using the popular two-wire method. Thus,
the popular two-wire method should be avoided in future studies. For example, in
our controlled setting, the two-wire method introduced a bias of 0.086 (Ω), which
was 15% of the observed difference between product means of 0.593 (Ω). If care is
not taken with the wire lead resistance, the bias can be even larger than 15% and
obfuscate important variation between products. Similarly, if two-wire comparisons
are made between data collected by two different labs with two different apparatus,
we may inadvertently conclude that there is no significant difference between product
characteristics or ascribe a difference to the product which could actually be a result
of the test apparatus. While two-wire resistance measurement methods are common
in many laboratory settings, they may not be sufficiently accurate for measuring the
resistance of electronic cigarette coils with a resistance of ≈ 3 (Ω) or lower.
Results demonstrated that a sample of coils from a single manufacturer procured across
manufacturing lots exhibit variation, which is a significant fraction of the nominal coil
resistance. Such manufacturing variation is expected. The amount of manufacturing
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variation in coil resistance associated with a particular product may have significant
implications on the emissions resulting from the use of the product. The coefficient of
variation (standard deviation over the mean) was observed to be 5.1% for ALTO and
2.0% for JUUL. Using the sampling distribution of the mean, it is reasonable to infer
that the ±3σ coil resistance of ALTO and JUUL pods vary by as much as ±15% and
±6% for ALTO and JUUL, respectively, when considering the true population of large
production lots typical of a national and global distribution channel.
Differences in coil resistance, whether associated with bias error from the two-wire
configuration, variation between products or variation within a single product, may
yield important variations in the emissions of total particulate matter (TPM) and
presence of hazardous and potentially hazardous constituents (HPHCs) in the emissions.
Furthermore, the impact of variability in coil resistance in the pod (or e-cigarette
reservoir) on emissions is closely related to the electronics used in the power control unit
(PCU) of the e-cigarette. The PCUs of modern e-cigarettes are far more sophisticated
than a simple battery. However, examining the effect of variation in coil resistance
on power dissipated in the coil by a simple direct current (DC) circuit of a battery
across a coil provides insight into the joint impacts of both the coil and the PCU on
emissions.
Consider an electronic cigarette with a nominal coil resistance of 1 (Ω) (measured
using four-wire configuration) and powered by a battery with a fully charged voltage
of 3.7 (V). To illustrate the point, consider the PCU as being a simple “on/off” switch
with no active voltage or current control and no supporting pulse width modulation.
The nominal power dissipated will be P =

3.72
1.0

= 13.69(W ), as given by Equation (1)

and the nominal current flowing through the coil will be Icoil =

Vcoil
Rcoil

=

3.7
1.0

= 3.7(A),
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as determined by Ohm’s Law, Equation (2). It is well known from DC circuit analysis
that the total energy delivered from the coil to the liquid is limited by the product
of the nominal power and duration of activation. Similarly, it is well known from
heat and mass transfer analysis that the rate of mass transfer from the liquid to the
aerosol stream is affected by the surface area, flow path, and flow rate. As the power,
P, and energy increase, we can anticipate more emission of TPM. As the current,
Icoil, increases, the temperature of the coil itself will increase through a well-known
phenomenon known as “Ohmic heating.” We might anticipate, then, that increases in
current flowing through the coil might give rise to increased production of HPHCs in
the emissions resulting from thermal decomposition of e-liquid constituents. Thus,
understanding the influence of variation in the coil resistance of e-cigarettes is essential
to understanding emissions.
We demonstrated that the two-wire configuration introduced a positive bias, overestimating the true value of the coil resistance by 0.086 (Ω). If we use this biased estimate
of coil resistance, we would underestimate the power, P =

3.72
1.086

= 12.6(W ), and

current, Icoil = 3.6 (A), in the coil. These biased estimates are not conservative, and
could very well give rise to apparent inconsistencies observed between the emissions
produced when comparing products to one another.
The same concern holds true when we assess the effect of manufacturing variation
between coils of the same product design. A manufacturing variation of +/- 15% in
coil resistance with a simple PCU would result in variations in coil power and current
dissipation of -13%/+18%. As the manufacturing variation in coils increases, the
potential adverse consequences of changes in HPHC emissions also increases. It has
been reported that coils with lower resistance values may have higher negative health
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impacts [23–25,27]. Therefore, it is essential to develop a full understanding of the
manufacturing variation in coil resistance associated with electronic cigarettes. This
high difference in the expected instantaneous power has the potential to drastically
change the performance of the device, constituents of the aerosol produced, and the
e-liquid consumption rate.
Electronic cigarette power control units (PCUs) which employ active voltage control
may mitigate the adverse impact of variation in coil resistance. Both the ALTO and
JUUL are equipped with PCUs exhibiting active control logic. The sophistication of
PCUs varies widely between product designs. The potential of the PCU to mitigate
manufacturing variation in coil resistance deserves further attention. Little is known
about the performance of various PCUs and their limitations. The robust method
introduced herein provides a foundation for investigation of several research questions,
including the following. What resistance variation is exhibited between coils of different
products? What variation in resistance is exhibited within a product design? What are
the effects of resistance variation on the aerosol composition and generation rate? How
does the resistance of a coil change over the course of its operating life? How does the
resistance of a coil change during a vaping session? How do these variations affect the
performance, lifetime and safety of the lithium battery? What is the relation between
coil resistance, power, and the performance of the PCU? To what extent can the PCU
overcome variations in coil resistance? What is the effect of using interchangeable
coils (such as the now common 510 threaded reservoir) in conjunction with PCUs on
emissions? How does this framework inform potential adverse health consequences of
product misuse and product hacking?
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Effects of Manufacturing Variation on Coil Lifetime and
TPM

The results presented herein demonstrated insufficient evidence to support correlations
between initial coil resistance TPM yield per puff. In the simplest design of an ENDS,
the PCU simply short-circuits the battery across the coil and there should be a
correlation between the TPM yield per puff and the initial coil resistance when the
ENDS battery is fully charged. There are at least two possible explanations for the
lack of correlation. One explanation is that the PCU employs an algorithm which
limits power dissipated in the coil, either through voltage control, current control, puff
duration control, or duty cycle control. In this case, the temperature of the coil will
be limited to the boiling point and further increase of the heating power should not
affect the temperature as long as there is a liquid in contact with the coil. However,
if the applied power increases, the additional power would increase TPM yield even
in the absence of an increase in coil temperature. A second explanation is that the
PCU employs an algorithm that limits the maximum coil temperature to prevent
over-heating of the coil. In this case, we would not have observed the coil burn-out
failure exhibited in Figure 3.22. Thus, we infer the ENDS PCU did exhibit some
level of power control but did not exhibit an over-heating protection circuit. This
suggests that some ENDS PCU may employ algorithms to overcome variation in coil
resistance or actively control the power. Such algorithms could use a closed-loop
con-trol system which dynamically measures coil resistance and adjusts the power
supplied to the coil in real time in order to keep the heating energy within a limit, as
has been pre-viously disclosed in the patent literature [36,37], and research literature
[38,39]. Thus, the temperature of the coil and heating chamber could be controlled
in a cycle to keep aerosol emission steady. No articles have been presented in the

CHAPTER 3. ENDS PRODUCT CHARACTERIZATION

131

literature which quantify the effec-tiveness of such PCU algorithms and the extent to
which they can eliminate the effects of coil resistance variation on the performance
of the ENDS. The results presented herein es-tablish a firm premise for the study
of PCU control algorithms. Such PCU algorithms offer potential for both positive
and negative health effects, and thus are worthy of detailed investigation and possible
regulatory action.
What Are the Mechanisms of Coil Failure?
The results demonstrate that a dramatic increase coil resistance is a sufficient indication
of coil failure. At failure point, the coil melts or breaks leaving an open circuit between
its terminals. This break is reflected as a sudden increase in measured coil resistance
from order of ≈1 [Ω] to order of ≈400 [KΩ]. While our definition of coil failure
suggests coil break, our measured coil resistance was not infinite. The residual
resistance measured after the failure point could be related to the resistance of the
wick and some drops of e-liquid that might still exist around the wick. We observed
that the ENDS continued to operate during this pre-failure condition, when the coil
was degraded (Figure 3.21, middle image) and loss of metal was observed. The results
presented herein may explain the mechanisms underlying coil failure. When the coil
is active, it generates heat that is transferred to the e-liquid causing it to vaporize.
Concurrently, the e-liquid cools the coil as generated aerosol carries the heat away.
This suggests that the presence of e-liquid around the coil contributes to limiting the
coil temperature below its melting point, consistent with the observed steadiness in coil
resistance values while there is e-liquid left in the pod (Figure 3.23). When insufficient
e-liquid remains to fully submerge the coil and the wick, the heat generated by the
coil remains in the coil and the wick causing the coil temperature to increase and
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thus the coil melts or breaks. A follow-up experiment could be conducted to confirm
this explanation by demonstrating the coil lifetime can be extended indefinitely by
refilling the e-liquid reservoir, even though the pods studied here are intended by the
manufacturer to be disposable. Whether or not manufacturers are required to protect
against product misuse, significant public health concerns may arise therefrom, and
the proposed experiment may inform future research into lung injury and atypical
health responses observed among ENDS users.
Potential Health Impact of Coil Failure and Product Misuse
Metal is likely ejected from the pod into the aerosol while the coil fails during the
final puffing session and potentially much earlier. The coil shown in the middle
picture of Figure 3.21 illustrates this degraded condition wherein chunks of the coil
are gone while it continued to generated aerosol. The chunks of the degrading coil
are likely to be ejected with the aerosol and inhaled by the user. This observation is
consistent with results of several articles which test the existence of metal in electronic
cigarettes’ emission [40–44]. This is a potentially critical juncture, particularly in
the instance where consumers misuse their product and refill the e-liquid in a pod
which was nearly emptied on a prior use and whose coil had experienced degradation.
When a compromised coil is subsequently heated, there may be increased risk of
metal exposure even when the coil has not fully failed. Follow-up experiments to
assess the emissions effects of e-liquid refilling could eventually establish a scientific
foundation for regulations requiring labels warning against this type of misuse or
product safety/inter-lock features preventing re-filling, or both.
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Dynamic Electrical Signal Measurement of Modern
ENDS

Mitigating the Effects of Confounding Factors Via ENDS Setup and Orientation
The study took several considerations to reduce the adverse impact of setup factors
on power measurement. Some of these considerations include:
ENDS Inclination: The inclination of the ENDS and testbench was set at an angle
of 30◦ which mimics a typical angle users prefer while vaping their personal ENDS in
their natural environment [73]. This same angle is used across all trials to minimize
the effects of ENDS inclination on the performance of the device.
Axes of Orientation: The pressure drop results showed in Figure 3.26 highlighted
the importance of ENDS attitude during usage. Four orientations were considered in
running the trials including yaw, pitch, roll and axial. The setup of these orientations
affected the pressure drop at the outlet of the ENDS (Figure 3.26) which suggests
that they affect the internal flow path of the device. During trials execution, the
ENDS is connected to the inlet of PES from the pod side of the ENDS and the pod is
connected to the rest of the ENDS (PCU). In this setup and as the pod is secured
to the PES, any changes in the attitude of the ENDS is reflected on the connection
between the pod and the PCU. This change affects the area between the pod and the
pod housing in the PCU which is used as air inlet to the ENDS.
Battery Discharge: Battery voltage decreases as battery discharges while the
ENDS is been used as shown in Figure 3.30. Battery voltage level is directly related
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to the voltage supplied to the coil. This affects the energy delivered to the coil and
thus the mass of the generated aerosol. In order to eliminate the effect of battery
discharge, the operator of the trials always fully charged the battery before usage. In
addition, the charger was connected to the ENDS during usage which is allowed by
the manufacturer of the Vuse ALTO [76].
E-liquid Composition: The results of section 3.2.2 and previously published article
[7] showed that e-liquid characteristics which is characterized as color, affect the mass
of the generated aerosol. To reduce the effects of e-liquid color on the results, the
pods with dark e-liquid were eliminated. The dynamic electrical measurement study
used pods with only light color e-liquid. The color of the e-liquid in the pods was
visually classified by the operator. This method has several inherent limitations such
as human bias and room light/shades effects. However, this method is sufficient for the
purpose of this study. More appropriate color classification method can be developed
for studies targeting e-liquid characterization.
Validating Dynamic Electrical Signal Measurement Testbench
Three different measurements were taken to validate that opining and modifying the
ENDS to build the testbench did not change the performance of the ENDS.
Effects of Electrical Signal Measurement: Measuring coil current required
inserting a shunt resistor between the coil and the controller kit. Based on Kirchhoff’s
voltage law, the voltage supplied by the controller kit is divided between the coil, the
shunt, and the connecting wires. The resistance of the shunt and the wire (0.02-0.04
[Ω]) is more than order of magnitude smaller the resistance of the coil (µ = 1.031 ±
σ = 0.067 [Ω]). The effect of the shunt and wires on the voltage is relatively small.

CHAPTER 3. ENDS PRODUCT CHARACTERIZATION

135

The voltage lost to the shunt and wires is measured to quantify its effect on the
performance of the ENDS. Comparing coil voltage and lost voltage showed that the
lost voltage is statistically insignificant. It also showed that the lost voltage is smaller
than the variation in the coil voltage of different pods.
Effects on Internal Flow Path: The effects of the testbench on the internal flow
path of the ENDS was measured using the pressure between the atmosphere and the
point between the outlet of the ENDS and the inlet to the PES. These measurements
were taken while the ENDS is activated using PES. The comparison between pressure
drop of the pre-open and post-open trials (3.26) showed that there is no significant
changes between these two conditions. In order to produce these comparable results,
well attention should be paid to the position and orientation of the testbench as
demonstrated in Condition 3.
Effects on Emission Profile: The mass of generated aerosol by the pre-open
and post open trials was compared to test the effect of building the testbench on
the emission profile. While this comparison showed that there is some bias between
pre-open and post-open trials, this difference is not statistically significant and smaller
than the inter variation within the pre-open and post-open trials. There are several
reasons which could explain this variation such as the manufacturing variation in coil
resistance, manufacturing variation in e-liquid, and human error. The bias in the mass
of the generated aerosol between the pre-open and post-open trials might be caused
by the small lost in energy consumed by the shunt resistor and the connecting wires.
Pulse Width Modulation as a Controlling Method
The collected electrical signals showed that voltage is supplied to the coil as pulses.
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The analysis of the pulses revealed that the pulses have constant period and variable
duration and interval. The duration and interval are inversely related to each other.
These parameters mean that the pulses are produced by a pulse width modulation
(PWM) algorithm. PWM is used in several applications including power and energy
control [97, 98, 99]. This suggests that the purpose of these PWM pulses is to control
power delivered to the coil and such control the total energy. Another purpose for the
pulses could be for lithium battery management system [100, 101]. This is supported
by the behavior of the battery voltage shown in Figure 3.30 which shows that battery
voltage drops due to the high power drain. The interval between the pulses provide
some time for voltage recovery.
The PWM pulses could serve both battery management and power controller. This
study tested only Vuse ALTO ENDS. Other ENDS might use other methods for power
and battery control.
Coil Energy per Puff
Results showed positive relationship between emission yield per puff and energy
consumed by coil per puff (Figure 3.34). It was also shown that changing puff duration
has more affects on yield per puff compared to changing puff flow rate. This suggests
that for Vuse ALTO, the energy delivered to the coil is dominantly associated to puff
duration. Other ENDS might use different energy controller algorithm so their energy
may be affected by other factors.
The association between yield per puff and energy per puff suggests that energy per puff
is one of the important (could be the most important) factors contributing to the mass
of generated emission. Using energy per puff as a regulatory factor is compiling because
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energy per puff is a single parameter which summarizes several other parameters
including puff duration, coil voltage, coil current and coil resistance. For instance,
limiting the maximum energy per puff delivered to the coil will limit amount of heat
energy available to vaporize e-liquid by virtue of latent heat of vaporization. This is
still true even if the underlying parameters such as coil resistance or instantaneous
power are changed.
Using energy per puff as a regulatory factor may be best implemented with a complimentary factor of limiting the saturation temperature of the e-liquid. These two
factors provide a strong package to regulate the entire electronic cigarette operation
from both power control unit and e-liquid sides.
Effects of Lost Energy on Yield
As discussed above, inserting the shunt resistor and connecting wires in the loop
between the coil and the controller kit leads to lost in voltage delivered to the coil and
such lost in energy. It is also discussed that there is a bias in the mass of generated
emission of pre-open and post-open trials. Linear regression analysis (Figure 3.9)
showed positive relationship between the lost energy and the bias in generated emission.
It is possible that this bias is associated with the physical modification of the device
to build the testbench but the positive relationship between the lost energy and the
bias clearly shows that the bias is dominated by the energy lost by the shunt resistor.
Temperature Observations
The temperature measurement provided in this study is limited by several inherent
assumptions including the temperature coefficient of resistance of the coil (α), reference
temperature (TRef ) and reference resistance (RRef ). The use of the temperature
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coefficient of resistance as a mean of utilizing the heating element (coil) as a resistance
temperature device is limited by manufacturing variation in static coil resistance and
manufacturing variation compositions of the coil. Therefore, while it is reasonable to
use the coil as a resistance temperature device, it is probably not reasonable to use it
as a fine high fidelity resistance temperature device. This explains the variations in
the measured coil temperature presented in Figure 3.37.
It is not clear if electronic cigarette manufacturers can have certain measurements of
these parameters especially with the manufacturing variation coil resistance exhibit
[5]. For this reason it is likely that electronic cigarette manufacturers have to make
some or all of the assumptions made in this study.
Several considerations can be taken to improve the assumptions made of temperature
coefficient of resistance of the coil (α), reference temperature (TRef ) and reference
resistance (RRef ).
Temperature Coefficient of Resistance (α): There are two methods which can
be followed to have more accurate estimation for (α) of the heating element (coil). The
first is to make repeatable composition analysis of the coil material. The percentages
of the compositions can be used to refer to the correct α value. The second method
which is more practical, is to conduct repeatable experiments to directly measure α
value for the coil. ASTM International standards [102] can be followed to conduct
these experiments.
Reference Resistance (RRef ): The reference resistance associated with the reference temperature TRef which is considered 25 [◦ C] while RRef is considered as the first
resistance reading in each emission trial. This reading could be affected by the fact
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that high voltage (approx 3.8 [V]) is applied to the coil and such instantly changed its
resistance and temperature. In such case, the first reading of the coil resistance RRef
is no longer associated with the assumed TRef of 25 [◦ C]. To solve this issue, more
accurate estimation of coil resistance can be made before the trial by using the same
voltage level (approx 3.8 [V]) in the measurement and high sampling rate to test the
effect of supplying high voltage on coil resistance. This reading can be used as RRef
in calculating coil temperature.
Reference Temperature (TRef ): The reference temperature is considered as 25
[◦ C]. This temperature is true when the pod (coil) is used for the first time assuming
that the pod (coil) has been stored under room temperature conditions for enough
time. For this reason, it is critical to leave enough time between consecutive trials in
order for the pod (coil) to cool down to the room temperature. It is estimated that
the operator waited for at least 5 [Min] before conducting the next trial using the
same pod (coil).
Effects of Pulse Duty Cycle on Energy per Pulse and Coil Temperature
The duty cycle of the supplied power to the coil tends to be very high of almost 1 at
the start of a puff (approx first 0.2 [Sec]). Then, the duty cycle promptly decreases
and converges at a steady level in the rang of 0.4-0.6 (Figure 3.38). This behavior
in the pulse duty cycle can be associated with similar behavior of energy per pulse
(Figure 3.36). Conversely, coil temperature steadily increases at the start of a puff and
then converges to a steady level. It seams that the ENDS controller of Vuse ALTO
changes pulse duty cycle using PWM algorithm to change the supplied energy per
pulse in order to control coil temperature.
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The difference in pulse duty cycle between the start of a puff and the rest of the puff
and the associated behavior in energy per puff and coil temperature suggests that the
controller of the ENDS works in two modes. In the first mode at the start of the puff,
the controller works on command following control in which high pulse duty cycle
is used to increase the supplied energy in order to rapidly increase coil temperature.
When the coil temperature reaches the operational level, the controller switches to
disturbance rejection or regulator control mode to maintain coil temperature at the
operational level. The nominal pulse duty cycle during the regulator mode ultimately
relates to battery management and accumulative energy delivered to the coil during a
puff.

3.4

Conclusions

Much of the text presented in subsection 3.4.1 and 3.4.2 has been adapted from a
previously published creative commons article [5, 71].

3.4.1

Static Coil Resistance Measurement

The preferred constant current resistance measurement method using four-wire leads
is demonstrated to provide stable, accurate, repeatable and unbiased observations
of the resistance of pod-style electronic cigarette coil assemblies. The commonly
employed two-wire lead configuration is demonstrated to introduce a positive bias,
the magnitude of which is dependent upon the laboratory testing apparatus and
impedes reproducing results between independent laboratories. The constant current
four-wire lead method is recommended as the standard method for measuring the
resistance of electronic cigarette coil assemblies. The coil resistance measurement
method, which was demonstrated using two brands of pod-style electronic cigarettes,
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is broadly applicable to other brands and styles of electronic cigarettes.
A quantile–quantile assessment demonstrated that the manufacturing variation in
the effective coil resistance of pod assemblies for two brands of popular electronic
cigarettes is normally distributed. The mean coil resistance of pods varies significantly
between the brands of electronic cigarettes tested, demonstrating that the sample
mean resistance of the ALTO pods was 0.593 (Ω) lower than the mean resistance of
JUUL pods (p < 0.001). Furthermore, the sample of ALTO (N = 22) pods tested
exhibited a mean and 99% confidence interval of 1.031 ± 0.0405 (Ω), while that of
the JUUL (N = 16) pods exhibited a mean and 99% confidence interval of 1.624
± 0.0243 (Ω). The resistance measurement method is thus valuable for assessing
variations between brands of electronic cigarettes and for quantifying manufacturing
variation which may be anticipated within a single product brand. Products exhibiting
larger manufacturing variation in coil resistance may result in the wider variability
of emissions generated from those products. As a result, it is recommended that the
distribution of manufacturing coil resistance (using the constant current four-wire
lead method) be reported in future comprehensive emissions studies and new product
applications for coils and coil assemblies.

3.4.2

Effects of Manufacturing Variation on Coil Lifetime and
TPM

Insufficient evidence was found to correlate coil lifetime and TPM yield to either
initial coil resistance or initial pod mass. The amount of e-liquid remaining in the
pod appears to be the single most important factor in determining coil failure. A
dramatic sharp increase in observed coil resistance is a robust method for quantifying
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coil lifetime. Further investigation is needed to assess the potential adverse health
impacts of coil degradation during the final stage of coil lifetime. This study suggests
that further work is required to investigate the effect of e-liquid composition on coil
lifetime and TPM yield per puff.

3.4.3

Dynamic Electrical Signals Measurement of Modern
ENDS

The validation procedure showed that Vuse ALTO ENDS can be safely disassembled,
reassembled, and modified to build dynamic electrical signal measurement testbench.
It also showed that the proposed dynamic power measurement method is valid and
accurate. The power is supplied to the coil as pulse width modulated signal to
control the energy delivered to the coil. Coil temperature can be measured using the
temperature coefficient of resistance. However, more work is required to estimate the
TCR in order to obtain more accurate and repeatable temperature readings. There
is a direct relation between the energy supplied to the coil and the coil temperature.
Energy per pulse is an important if not the most important contributor to the yield
generated form an ENDS. Regulating the maximum coil energy per puff allowed in an
ENDS is likely to be an effective parameter for the FDA to consider.
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Chapter 4

Use Behavior Characterization

4.1

Topography Definitions

As defined in 1.4.2, topography is the measurement of the air flow interaction between
the tobacco product and user’s mouth. Topography can be looked at as a time
series of events representing start and end of events (puffs) with values of the events
representing flow rate. Section 1.4.2 provided definitions of several traditional and
suggested parameters which are used to describe and characterize topographies. This
section introduces definitions of higher level terminologies used in this chapter.
• Puff Topography is the collective parameters used to describe the puff level
activities of users such as puff duration, puff period, puff interval, puff volume,
puff duty cycle, etc.
• Puff Dynamics is the rate of change or the relation between puff topography
parameters. For instance, the change of puff duration compared to puff period
for a user. Another example is the puff duration of a user in a day compared to
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the puff duration of the same user in another day. Puff dynamics can be also
defined as the interaction within puff topography parameters or the interaction
between puff topography parameters and other factors such as time of day, day
of week, user preference and product characteristics.
• Session Topography is analogous to puff topography for sessions. It can be
defined as the collection of parameters to define session level activities such as
session duration, session period, session interval, and session duty cycle.
• Session Dynamics is analogous to puff dynamics. It is the rate of change
or the relation between session topography parameters. For instance, a user
might have a specific mean session duration and mean session period in one day
and different mean session duration and session period in another day. This
change in session parameters could be related to several factors such as day of
week, product characteristics, and user emotions. Session dynamics describe the
change in session topography parameters in relation to one or more factors.
• Topography Dynamics is the combination of session dynamics and puff
dynamics. It can be defined as the rate of change or the relation between two
more of puff and session topography parameters. Topography dynamics generally
refers to any change in user topography at any level puff, session, days or weeks
with respect to any study factors.
This chapter presents a method for quantifying session topography, and proposes
examples of descriptive and inferential statistical methods to better understand
topographies collected in the natural environment.
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Methods

Much of the text presented in subsection 4.2.1 is closely related to a journal manuscript
under review.

4.2.1

Quantifying Session Topography of Inhaled Tobacco Product Use Behavior

Research Questions
The research questions related to this section are:
• How can we design a robust method for quantifying (mathematical modeling)
ENDS user behavior beyond what was historically done?
• How can we validate and compare the accuracy of ENDS user behavior quantifying methods?
This section focuses on designing a robust method for analyzing and quantifying session
topography. It provides insights about the topography including puff period, session
period, and session duration. The method is primarily built based on autocorrelation.
The study proposes a validating process which can be used as a standardized parameter
to evaluate accuracy of session topography quantifying tools and compare performances
of such tools. The proposed method is tested using contrived data generated for this
study, and data from the natural environment. The validation process includes several
exhaustive tests to evaluate the accuracy and the sensitivity of the tool over a range
of session dynamics (session period and session duty cycle).
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Method Procedure
The autocorrelation coefficient of a periodic signal has the same cyclic characteristics
as the signal itself [64, 65]. For instance, if x(t), follows a sinusoidal pattern, then so
does the autocorrelation coefficient signal. As an example it has been shown in [66]
that if

x(n) = a cos(nω)

(4.1)

where a is a constant and the frequency is 0 < ω < π, then, for large N , the resulted
autocorrelation coefficient signal follows:

rx (l) ∼
= cos(lω)

(4.2)

This property can be utilized to detect the presence of cycles and calculate their time
parameters. This property is used to quantify puff period, session period, session
duration and pdf kernel associated with a topography time series. Figure 4.1 shows
the proposed algorithm as a flow chart with intermediate results at each step. Next
are the descriptions of each step:
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Figure 4.1: Signal-flow chart of the proposed method to quantify topography dynamics
using autocorrelation with examples of intermediate and final results.
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1. Conduct normalized autocorrelation r(l) for a full day topography signal X(n).
The input signal for topographies studied herein is provided at 40 [hz] sampling
rate.
2. Filter the autocorrelation r(l) with Gaussian filter to smooth the noisy autocorrelation coefficient.
3. Quantify puff topography. The next steps are followed to estimate puff period :
(a) Find amplitudes and locations of all peaks in the filtered autocorrelation
signal r(l). These amplitudes and locations are saved in the vectors Ap (N )
and Lp (N ) respectively, where N is the total number of detected peaks.
The peaks represent the locations where the correlated signals have high
matches.
(b) Calculate the time distance between peaks Tp (N ) by differentiating Lp (N )
and converting it to time in seconds. This can be achieved by multiplying
the number of time steps (time lag) between two peaks by the sampling
frequency of the input signal as shown if Equation 4.3.

Tp (n) = F s × (Lp (n + 1) − Lp (n))

(4.3)

for n = 0 to n = N − 1 where N is the number of peaks and F s is the
sampling frequency. Tp (n) represents all puff periods detected in the input
full day topography.
(c) Estimate a PDF for Tp (n) using kernel density estimator [103]. The kernel
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density estimator’s formula is shown in Equation 4.4. This PDF represents
the random distribution estimated for the puff periods in the input full-day
topography.

n

1 X
fbh (x) =
K
nh i=1



x − xi
n



(4.4)

where x1 , x2 , ..., xn are random samples from an unknown distribution, n
is the sample size, K() is the kernel smoothing function, and h is the
bandwidth.
4. Quantify session topography. The short peaks signal Ap (N ) is further processed
to estimate session period and session duration. The steps used in estimating
session period are similar to those used for puff period. The next steps are
followed to estimate session period:
(a) Find amplitudes and locations of all peaks in the signal Ap (N ). These
amplitudes and locations are saved in the vectors As (M ) and Ls (M ) respectively, where M is the total number of detected peaks. These long
peaks represent the locations of matches orders of magnitude higher than
matches of short peaks.
(b) Calculate the time distance between long peaks Ts (M ) by differentiating
Ls (M ) and converting it to time in Minutes. A modified version of Equation
4.3 can be used for this purpose where the locations of the long peaks
Ls (M ) are used to refer back to the locations of the short peaks Lp (N ).
See Equations 4.5.
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(4.5)

for m = 0 to m = N − 1 where M is the number of long peaks and F s is
the sampling frequency.
(c) Estimate a PDF for Ts (m) using kernel density estimator. as shown in
Equation 4.4. This PDF represents the random distribution estimated for
the session periods in the input full-day topography.
5. Calculating session duration requires extra processing of the long peaks represented in As (M ) and Ls (M ). Next, are the steps followed to estimate session
duration:
(a) Find the border of each long peak. Each peak has two borders which
represent the start and end of the peak. For two connected peaks, such
as the one shown in Figure 4.1, the end of one peak is the start of the
next peak. In such a case, selecting the border between these two peaks
can be achieved by finding the minimum point between them. Other cases
require more complicated processes to find the borders. A general method
is developed to find the borders of different cases.
(b) For each long peak, select the points in Ap (N ) and Lp (N ) which fill between
the long peak and its border.
(c) Using linear regression, fit a line through the points between each long
peak and its border. This step generates a first-order polynomial model for
these points.
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(d) Find the root of the polynomial model generated in the previous step. Save
the roots of all long peaks in a vector Lr (M ). The root is when the fit
line crosses zero on the vertical access (amplitude of the autocorrelation
coefficient).
(e) Calculate the time distance between each long peak and its roots by
converting it to time in minutes. A modified version of Equation 4.5 can
be used for this purpose. See Equations 4.6.

Td (m) = F s × (Lp (Ls (m + 1)) − Lp (Lr (m)))/60

(4.6)

for m = 0 to m = N − 1 where M is the number of long peaks and F s is
the sampling frequency.
(f) Estimate a PDF for Td (m) using kernel density estimator. The kernel
density estimator’s formula is shown in Equation 4.4. This PDF represents
the random distribution estimated for the session duration in the input
full-day topography.
6. Extract parameters from puff period, session period, and session duration
PDFs including mean µ, standard deviation σ, median Me, and mode (most
frequent value) which represents the highest peak in the PDF. While the PDF
comprehensively represents the topography dynamics, these parameters represent
them in simpler terms.
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Testing of Algorithm
Quantifying session topography is new in the tobacco research community. Thus,
there is no well-defined process of measuring the accuracy of such a method. In
the same time, there are no labeled topography datasets which are measured for
session topography parameters. Validating using pre-labeled data is not an option.
For this reason, we chose to generate contrived data with known parameters that
can be used to test the results produced by the proposed algorithm. We designed a
stochastic puff topography generating tool which can produce realistic topographies
based on specified parameters of puff period, puff duration, session period, session
duration, start puffing time of day, and end puffing time of day having constant,
normal, or uniform distributions. The normal distribution test cases additionally
require specification of the mean (µ), standard deviation (σ), maximum, and minimum
limits for each of the six parameters.
Three tests were conducted on the algorithm. The first focused on feasibility of using
the algorithm for quantifying session dynamics. The second was an exhaustive survey
to assess the accuracy of the algorithm across thousands of topographies with a wide
range of mean session period and mean session duty cycle values. The third was an
exhaustive survey to assess sensitivity of the algorithm results to variation of the input
data. The third test used topographies with a wide range of coefficient of variations
for session period and session duty cycle values.
Feasibility Test
The feasibility of the algorithm was evaluated with contrived and natural environment
topographies. The contrived topographies were generated with increasing complexity
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from constant parameters to parameters which are close to natural environment
topographies. These test cases show the capabilities of the algorithm at different levels
of difficulties. The first test case represents a simple topography with continuous
puffs generated with constants parameters. In the second test case, randomness was
introduced to puff period and puff duration. The values for these parameters were
inspired by the analysis of a previous study [104] which form a realistic representation
of ENDS puff dynamics. The values used for puff period were µ = 30 [sec], σ = 5 [sec]
and in the range of 20-40 [sec] while the values used for puff duration were µ = 4 [sec],
σ = 1 [sec] and in the range of 0.5-7 [sec]. These parameters are used to set up puff
dynamics of all topographies presented in rest of this manuscript. The third test case
took the complexity to a higher level by introducing randomness to session dynamics
(session period and session duration). It represents a more realistic topography which
is comparable to natural environment topographies. The values used for session period
were µ = 90 [min], σ = 10 [min] and in the range of 70-110 [min] while the values used
for session duration were µ = 10 [min], σ = 5 [min] and in the range of 5-15 [min].
These parameters were selected to cover the average ENDS and combustible cigarette
use behavior.
Several natural environment topographies collected from a previously published study
were used for feasibility testing of the algorithm. These topographies are of expert
(regular) ENDS users while using the devices in their natural environment. The
topographies are part of a two week study which focused on a specific ENDS model
and e-liquids [1]. These topographies, or any other ENDS topographies, have never
been analyzed for session dynamics before this study. The studies were conducted
in accordance with an approved human subject study protocol and informed consent
process approved by the RIT Institutional Review Board (IRB).
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Exhaustive Test for Accuracy
The feasibility test targeted showing that the proposed algorithm has the ability to
quantify topography behavior. It does not evaluate the accuracy of the algorithm
which requires assessing it at wide range of session period and session duration values.
The lack of comprehensive datasets of labeled topographies calls for alternative data
to validate and evaluate the proposed method. For this reason, this study proposes
the use of exhaustive test. The exhaustive test is conducted by implementing three
steps:
1. Generating a big dataset of topographies, using the tool presented above. The
puff and session topography parameters used to generate these topographies are
considered expected results.
2. The topographies in this dataset are quantified using the proposed quantifying
method. The results of this analysis are saved as predicted results.
3. The expected and predicted results are compared.
Two exhaustive tests were conducted. The first was used to test the method over
a wide range of session periods and session duty cycles. The session periods varied
between 15 [min] and 240 [min] over steps of 15 [min]. In the same time session duty
cycles varied from 2% to 40% over steps of 2%. The combination of these two sets
of parameters produces a matrix of 320 data points where each point represent one
set of parameters. At each data point we generated 20 topographies using the same
parameters to guarantee repeatably and to minimize the effect of outliers. The total
number of topographies generated and analyzed in this test is 320×20=6400. In all of
these parameters, the standard deviation was set to be constant at 10% of the mean.
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The puff dynamics parameters are set to be the same for all for these topographies.
The values used for puff period were µ = 30, σ = 5 [sec] and in the range of 20-40
[sec] while the values used for puff duration were µ = 4, σ = 1 [sec] and in the range
of 0.5-7 [sec].
Exhaustive Test for Sensitivity of Variation
The second exhaustive test targeted measuring the accuracy of the method over a
wide range of coefficient of variations. In a natural environment setup, low coefficient
of variation means topographies with sessions of the same periods and durations while
high coefficient of variation means topographies with sessions of highly varied periods
and durations. The main question of this test is: can the proposed tool quantify a full
day topography which contains sessions with short and long periods or durations in
the same day?
For this test, we generated topographies with coefficient of variation for session period
and session duty cycle which vary from 0% to 20% with steps of 2.5%. At the first
data point, the coefficient of variation is 0 for both session period and session duty
cycle which means that all topographies generated contained homogeneous sessions
while at the last data point, the coefficient of variation is 20% for both session period
and session duty cycles resulted topographies with highly varied sessions. This test
covered a matrix of 9×9=81 test cases. Each of these test cases used an entire
set of topographies generated in the previous exhaustive test. The total number of
topographies generated and evaluated in this test was 81×6400=518400. This test
focuses on the variations of session dynamics and for this reason, the coefficient of
variation of puff dynamics are not changed. The puff dynamics parameters are set to
be the same for all for these topographies as in the previous test.
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Analysis of Natural Environment Topographies of Nicotine Users of Inhaled Tobacco Products

Research Questions
The research questions related to this section are:
• How to utilize session topography to characterize and compare chronic user
behavior?
Introduction
The session topography quantifying method presented in 4.2.1 provides parameters
which characterized topographies at the session level (session period and session
duration). These parameters open a whole field of study to understands use behavior
of inhaled tobacco products. For instance, this tool can be used to have better understanding of the product characteristics such as flavor and nicotine concentration
on human behavior at the chronic level (i.e. session dynamics) instead of the puff
dynamics analysis which have been presented in the literature. As already discussed
in several points of this document, session dynamics may provide explanations to
use behaviors which can be only explored over long time. In this section, the session
topography quantifying method will be used to analyze a dataset of puffing topographies. Session topography parameters (session period and session duration) will be
used as exemplars of how this method can be utilized to describe and correlate use
behavior with other factors such as flavor, nicotine concentration and day of week.
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Available Topography Datasets
Several topography datasets have been collected in previous studies conducted at the
Respiratory Technologies Lab (RTL) and are available to use in this study. Table
4.1 shows a list of some of these datasets. The topographies in these data sets are
of regular users puffing in their natural environment using wPUM™ monitors. The
datasets cover a range of tobacco products including Electronic Nicotine Delivery
System (ENDS), combustible cigarette and hookah (water pipe). All of these datasets
(and all other datasets available in the literature) were originally collected for studies
focusing on puff level dynamics and non consider session level dynamics. The method
presented in this study focuses on session dynamics and such the selected dataset
should be adapted to this purpose. Out of the datasets listed in Table 4.1, OS3 was
picked for analysis in this study.
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Dataset

Description

Product

OS1

24 Hour Field Observation Study

ENDS Cig-a-like (Blu)

OS2

1 week Field Observation Study

ENDS Pen style
(Various Manufacturers)

OS3

2 weeks Field Observation Study

ENDS Pen Style (NJOY)

(flavor switching study) 34 subjects

OS4-1

1 week Field Observation Study

Hookah

various flavors, 34 subjects
OS4-2

OS7

Cigarette, 32 subjects
Compensatory Behavior Nicotine Concentration

Cigarette
ENDS Pod style (JUUL)

(In progress)

Table 4.1: Puff Topography datasets collected at the Respiratory Technology Lab
(RTL) and are available for use in this study.

Topography Dataset: OS3
This OS3 topography dataset was used to demonstrate the capabilities of the quantifying session topography method presented at 4.2.1. This dataset was collected
for a study which focused on the evaluation of the impact of e-liquid flavor on puff
topography behavior [1]. The parameters this study analyzed were "puff flow rate,
puff volume, puff duration and puff interval and consumption behavior, including
mean daily puffs, mean daily volume, and cumulative weekly volume". The dataset
included two weeks flavor switching study of 34 subjects using pen style ENDS in their
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natural environment. The study relied on full factorial balanced design of experiment
as shown in Table 4.2. It included four conditions of switching from Tobacco to Flavor
(Berry and Menthol) and vice versa. OS3 was selected for this study for its high
number of participants compared to other datasets, long data collection (observation)
period of two weeks, its flavor switching conditions, and user preference of nicotine
concentration level as an exemplar confounding factor. These properties allow for
comprehensive demonstration of the capabilities of the session topography method
presented in 4.2.1.

Condition

# Subjects

Week1

Week2

Condition 1

8

Tobacco

Menthol

Condition 2

9

Menthol

Tobacco

Condition 3

9

Tobacco

Berry

Condition 4

8

Berry

Tobacco

Table 4.2: Summary of design of experiment of Observation Study 3 dataset (OS3).
This dataset contains 2 week flavor switching study of 34 subjects, adapted from a
previous work by Robinson et. al. [1].

Topography Dataset Preparation
As introduced in 4.2.1, the session topography method takes puffing topographies
represented as time series for its input. In order to generate this time series, a dataset
must have as a minimum two characteristics: start time of puffs and end time of puffs.
The OS3 dataset was provided as a discrete table of several columns including start
time and end time of a puff, mean puff flow rate, puff volume, puff duration, day
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of the week, day and week of the study, subject, flavor, nicotine concentration and
several other columns of data. The start time of a puff and end time of a puff were
used to generate time series of ’On/Off’ topography for each day. This ideally resulted
in a total of 14 topography time series for each user representing two weeks of the
study. OS3 dataset does not provide full 14 days worth of topography data for all
participants. The reason is mostly due to participant compliance or losing some data
due with monitor malfunction. In other cases, only half data collected for only half
of the seventh day of the week as participants returned the puff monitors that day
and conducted the exit interview. This method was applied to all OS3 dataset and
produced a total of 306 full day puffing topographies sampled at 40 [Hz]. The number
of puffs in these topographies were analyzed. 30 topographies have 5 or less puffs in a
day which are not enough to provide enough data for analysis of session dynamics.
This left 276 day-long topographies which were analyzed.
Session topography Processing
The session topography quantifying method presented in 4.2.1 was used to analyze
session topography of topographies from OS3. This method as discussed before,
provides kernel random distributions for session period and session duration for each
full day topographies. It also provides statistical parameters including Peak (P),
Media (M), Mean (µ), and Standard Deviation (σ). Figure 4.2 shows exemplar kernel
distributions for session period and session duration for two days of topographies for
a single participant.
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Figure 4.2: Kernel random distributions for session topography quantification of a
single user for two days each with tobacco and menthol flavors. The figure also provide
statistical parameters for each of the random distribution including Peak (P), Media
(M), Mean (µ), and Standard Deviation (σ)

The 276 topographies in the OS3 dataset were analyzed for session topography. 49
topographies were rejected mostly due to their short duration (i.e. user puffed for
very short period of time which does not provide enough data to analyze for session
topography). Thus a total of 227 full day topographies were successfully analyzed
and produced 227 kernel random distribution for each of session period and session
duration. These distributions and the associated statistical parameters (Peak, Median,
Mean, and STD) were used for further analysis to demonstrate the applications of
using the session topography quantifying method.
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Assessing Integrity of the Results
In this section, the integrity of the session topography result of OS3 dataset is presented.
OS3 was not collected for the purpose of session topography analysis and thus it has
no labels for such parameter. For this reason, it is only possible to assess the integrity
of the produced results. This assessment was conducted by comparing the total puffing
time of a full day topography to the calculated puffing time of the topography. The
puffing time of the original day topography (Ground Truth Puffing duration) can be
defied as the time from the first puff in the day to the last puff in the day. Figure
4.3 shows an example of a full day topography with first and last puff in the day
annotated. The calculated puff time can be calculated from the results of the session
topography quantifying tool as the summation of periods of all sessions detected in
the characterization for each day topography (Test Puffing Duration). The ground
truth puffing duration and the test puffing duration were compared as data points
on a scatter plot. The integrity of the results was calculated as the percentage of
data points which has less than 20 % difference between the test puffing duration and
ground truth puffing duration.

Figure 4.3: Waveform of a full day puff topography annotated with time from the
first puff in the day to the last puff in the day. The puffing time of the day is used as
Ground Truth for results integrity of the session topography tool.
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Descriptive Analysis Using Kernel Random Distribution
Use behavior might vary between days of the week. For instance, a user might
behave differently between weekdays and weekends. Session dynamics could provide
descriptive statistics of such variation by comparing kernel random distributions of
session dynamics for all days of the week. This method is demonstrated in Figure 4.4
which shows kernel random distributions of a single participant for two weeks with six
days per week.

Figure 4.4: Session topography quantification as random distributions for a single user
for two weeks. Each week with 6 days and either tobacco and menthol flavors.
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Method of Mitigating the Confounding Factor of Day of Week to Assess
Effect of Flavor on Use Behavior
The kernel random distributions can be used to describe use behavior for multiple
days (i.e weeks and months) which are grouped by a certain factor. For instance
the the participant in Figure 4.4 used tobacco flavor in the first week and menthol
flavor in the second week. It is hard to compare the effects of the flavor switching of a
single participant by looking at kernel random distributions of all days of the week.
Instead, a single random distribution can be generated for the entire week. The new
random distribution average out confounding factor of day of week of use behavior
in order to show the effect of e-liquid flavor. This method is demonstrated in Figure
4.5 which shows a single kernel distribution describing session dynamics for total of
six day topographies. In this particular example, it can be clearly observed that the
mean (µ) of session duration of the tobacco flavor week is less that the mean (µ) of
session duration of the menthol flavor week. For the exemplar participant OS3-25, such
method might be useful to compare use behavior between users, between products, or
between use conditions.
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Figure 4.5: Session topography quantification as random combined distributions for
a single user for two weeks with either tobacco and menthol flavors. The random
distributions of each week are combined into a single distortion which describes use
behavior of an entire week wile averaging day level behavior variation.

This method was taken to a higher level in which a single random distribution was
produced to describe use behavior of all participants in OS3 grouped by e-liquid flavor.
In such case, the resultant random distributions average the variation in use behavior
between participants in order to show the effect of e-liquid flavor on the collective
group. This analysis is shown in the Results section of this Chapter.
Descriptive Analysis of a Chronic Ambulatory Use Behavior
In addition to the kernel random distributions, the session topography quantifying
tool provides statistical parameters describing the session topography of the analyzed
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topography including Peak (P), Median (M), Mean (µ), and Standard Deviation (σ).
These parameters can be used to describe session topography of cohort of users. As
an example the mean of session duration and session period of all topographies can be
used to quantify the session topography of the chronic ambulatory use behavior. This
is modeled after an analogous work published by the Respiratory Technology Lab
(RTL) [1] which describes the pattern of puff topography use behavior for a cohort of
user. As it was shown in the previous work that there was variation in puff period
and puff duration, like wise there is natural variation in session period and session
duration. This variation can be quantified by using joint cumulative density function.
The mean (µ) of session period and session duration of each topography is used in this
method. Depending on the application, the other parameters Peak (P) and Median
(M) can be used in analysis of their topography dataset.
Inferential Statistics of Session Dynamics
The results of the session topography parameters presented as both random distribution
and statistical parameters ( µ, σ, Peak, and Median) provide a wealth of data to
understand session dynamics. In other words answering the question of how does
session topography parameters change as effects of other factors such as change
of products characteristics. Such question can be answered by correlating session
topography parameters to that particular factor. The session parameters can be
analyzed in their random distribution form or in their statistical parameters form ( µ,
σ, Peak, and Median). Several examples which deal with the random distributions
have been presented earlier in this subsection. Here, inferential statistics are presented
using the means (µ) of the distributions to to demonstrate how to characterize session
dynamics of OS3 datasets.
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Effects of Flavor Switching on Session Dynamics OS3 dataset was originally
collected for a study which assesses the effect of flavor switching on puff dynamics use
behavior [1]. This study, assesses the effect of flavor switching on session dynamics.
The means (µ) of session topography parameters were used to generate pairwise
comparison of the topographies in the tobacco week and the flavor week for the four
switching conditions which were already explained in Table 4.2. The mean, 95%
CI, and median are computed across all day topographies for each participant. Two
figures of pairwise comparison were produced to separately analyze the effects of flavor
switching on session duration and session period.
Effects of Subject Differences, Time, and Product Characteristics Factors
on Session Dynamics Box plot figures were generated to analyze the effects of
user preference, day of week, flavor and nicotine concentration on session dynamic.
The box plots were generated using the mean (µ) of the random distributions for each
day topography. Based on the the topographies were grouped based on the targeted
factor in that particular figure. Correlating session topographies with the subjects in
the study shows how session dynamics change from one user to anther. Similarly, the
other figures show how session dynamics change depending on day of week, e-liquid
flavor, and nicotine concentration.

4.3

Results

Much of the text presented in subsection 4.3.1 is closely related to a journal manuscript
under review.
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Quantifying Session Topography of Inhaled Tobacco Product Use Behavior

Feasibility Tests Using Contrived and Natural Topographies
The proposed method was tested using three contrived puffing topographies and two
natural environment puffing topographies. The three contrived topographies were
designed with increasing complexity to test the method capabilities.
Figure 4.6 shows input topography and results of the first contrived test case.
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Figure 4.6: Input puffing topography, autocorrelation, and predicted random distributions of contrived test case 1 with continuous puffing for a whole day (24 hours) and
constant parameters (puff period, puff duration, session period, and session duration).
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The first panel in the figure shows the input topography of this test case. It is a
full day topography with constant puff period, puff duration, session period, and
session duration. The zoom in panel shows the constant puff period and constant puff
duration for one session. This session is repeated for the entire day. The third panel
in the figure is for autocorrelation with long peaks annotated as flipped triangles. The
shorts peaks are intentionally not annotated as there is a big number of them and
it would not be feasible to be shown in the figure. The fourth panel in the figure is
the pdf of predicted random distributions for puff period, session period and session
duration. The pdf of the puff period is shown as a small dot at 30 [sec] because of
the difference in the scale with the pdfs for session period and session duration. The
legend shows peak, median, mean, and standard deviation for the three pdfs. For this
simple contrived test case, the proposed method generated random distributions with
σ = 0 which is consistent with the constant expected topographies for puff period,
session period and session duration.
Figure 4.7 shows input topography and results of the second contrived test case.
Randomness is introduced in puff period and puff duration as can be seen in the
zoom in panel. With this randomness, puff period and puff duration are closer to the
topographies of e-cigs collected in natural environment. The effects of this randomness
can be seen on the autocorrelation results in the third panel of the figure. The
predicted random distribution for puff period, session period and session duration are
generated with σ ≥ 0.
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Figure 4.7: Input puffing topography, autocorrelation, and predicted random distributions of contrived test case 2. In this test case randomness is introduced to the puff
period and puff duration while the rest of the parameters are constants.
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Figure 4.8 shows input topography and results of the third contrived test case. This test
case was generated to be close to the actual topographies of e-cigs users. Randomness
is introduced in all four parameters including puff period, puff duration, session
period, and session duration. This randomness is reflected in the predicted random
distributions the tool generated for puff period, session period and session duration.
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Figure 4.8: Input puffing topography, autocorrelation, and predicted random distributions of contrived test case 3. In this test case, randomness is introduced in all puffing
parameters (puff period, puff duration, session period, and session duration).

Figure 4.9 and Figure 4.10 show inputs and predicted random distributions of two
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day e-cig user topographies collected in natural environment. While we don’t have a
ground truth analysis of these two cases, we can conduct a simple visual comparison
between the input topographies and the generated random distributions as prima
facie evidence supporting feasibility of the proposed method. For instance, the input
topography of the test case shown in Figure 4.9 has shorter intersession interval
compared to the topography shown in Figure 4.10. This difference is clearly reflected
in the random distribution representing session periods of these two cases.

Figure 4.9: Input puffing topography, autocorrelation, and predicted random distributions of natural environment topography of an e-cig user test case 1.
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Figure 4.10: Input puffing topography, autocorrelation, and predicted random distributions of natural environment test case 2.

As shown in Figure 4.10 there is a peak at about 110 [min] in the session period
random distribution. We argue this peak reflects the long session period of the first
session. The same comparison is also true in the random distribution representing
session duration in Figure 4.10. The peak in this distribution at about 30 [min] could
be a reflection of the long session in the input topography.
Table 4.3 summarizes the expected and predicted parameters of the three contrived
test cases and the predicted parameters of the two natural environment test cases.

CHAPTER 4. USE BEHAVIOR CHARACTERIZATION

176

Puff period

Session duration

Session period
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12.5
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1.9216.7
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8.6-

4.7

2.9

1.7-

99.9

4.2

8.4

1.8-

94.1105.7

16.7

9.4

10.1
6.4

89.8105.6

21.0

185

Natural 2

5.8-

59.460.5

14.3

37.9

Natural 1

4.1-

2.940

11.7

32

38.2

8107.9

Table 4.3: Test cases expected and predicted results.

The expected values of the three contrived test cases are calculated by the topography
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generating tool. These values represent the ground truth of actual generated topographies. The analysis of the predicted pdfs generated by the session topography tool
showed that the peaks of these pdfs are the closest to the mean of the expected values.
For this reason the peaks of the generated pdfs are used as the predicted values for the
the topographies used in the following exhaustive tests. The comparison between the
predicted and the expected parameters of the three contrived test cases shows that
the proposed session topography quantifying method provided accurate representation
of the input topographies.
Exhaustive Test for Accuracy
The purpose of this test is to evaluate the accuracy of the proposed method over a
wide range of session dynamics. We generated topographies with session period of
15 to 240 [min] and session duty cycle of 2 [%] to 40 [%]. This resulted in a total of
320 test cases in this exhaustive test. For each of the 320 test cases, we generated
20 variants of full day topographies to ensure repeatably. We evaluated Absolute
Percentage Error (APE) for each topography. Then we calculated the trimmed mean
of those 20 APE. Figures 4.11, 4.12, and 4.13 show APE for puff period, session period
and session duration, respectively.
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Figure 4.11: Exhaustive evaluation of puff period error rate for session topography of
15 to 240 [min] session period and duty cycle of 2 [%] to 4 [%]. The maximum APE
of this test is 7.5 [%].

The data in these figures are presented as a heat map which is color coded to reflect
the accuracy. The method quantified puff period with APE of µ = 1.18[%] and a
range of 0-7.5 [%] for the entire 320 test cases (20 variants each) as shown in Figure
4.11.
Figure 4.12 shows the APE for the session period. The APE for the entire 320 test

CHAPTER 4. USE BEHAVIOR CHARACTERIZATION

179

cases was µ = 2.92[%] and range of 0.0-94.5 [%]. In total, 96.2 [%] of the test cases
were quantified with APE ≤ 20%.

Figure 4.12: Exhaustive evaluation of session duration error rate for session topography
of 15 to 240 [min] session period and duty cycle of 2 [%] to 4 [%]. 96.2 [%] of the test
cases were quantified with APE ≤ 20%.

Figures 4.13 shows the APE for the session duration. The APE for the entire 320
test cases was µ = 12.59[%] and range of 0.0-5854.9 [%]. In total, 73.4 [%] of the 320
test cases were quantified with APE ≤ 20%. The 90 [%] of the test cases with session
period of more than 60 [min] were quantified with APE ≤ 20%.
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Figure 4.13: Exhaustive evaluation of session period error rate for session topography
of 15 to 240 [min] session period and duty cycle of 2 [%] to 4 [%]. 73.4 [%] of the test
cases were quantified with APE ≤ 20%.

Exhaustive Test for Sensitivity of Variation
This test evaluates the response of the accuracy of the proposed method to variability
of the input data. The topographies included in this test are generated with a range
of 0-20 [%] with steps of 2.5[%] coefficient of variation for both session period and
session duty cycle. At each of these test parameters, we generated a complete set of
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topographies with session period in the range of 15-240 [min] and session duty cycles
of 2-40 [%]. The accuracy of this test is calculated as the percentage of topographies
with APE ≤ 20%.
Figure 4.14 shows the results of this test for quantifying puff period. Each block on
this figure includes an entire set of 320 test cases used in the previous accuracy test as
the insect on this figure shows. The method successfully quantified puff period with
µ = 99.98[%] and range of 99.1-100 [%]. This means that on average 99.98[%] of the
topographies analyzed in this test has APE of ≤ 20[%] for quantifying puff period.

CHAPTER 4. USE BEHAVIOR CHARACTERIZATION

182

Figure 4.14: Puff period accepted percentage of APE in exhaustive evaluation of
session period and session duty cycle coefficient of variation of 0 to 20 [%]. Each block
on this figure is a result of an entire set of 320 test cases each with 20 replicates.

Figure 4.15 shows the accepted percentage rate of session period. The method
successfully quantified session period with µ = 92.39[%] and range of 64.1 - 100.0 [%].
This means that on average 92.39[%] of the topographies analyzed in this test has
APE of ≤ 20[%] for quantifying puff period.
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Figure 4.15: Session period accepted percentage of APE in exhaustive evaluation of
session period and session duty cycle coefficient of variation of 0 to 20 [%]. Each block
on this figure is a result of an entire set of 320 test cases each with 20 replicates.

Figure 4.16 shows the accepted percentage rate of session period. The method
successfully quantified session period with µ = 76.21[%] and range of 64.1 - 100.0 [%].
This means that on average 76.21[%] of the topographies analyzed in this test has
APE of ≤ 20[%] for quantifying puff period.
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Figure 4.16: Session duration accepted percentage of APE in exhaustive evaluation of
session period and session duty cycle coefficient of variation of 0 to 20 [%]. Each block
on this figure is a result of an entire set of 320 test cases each with 20 replicates.

4.3.2

Analysis of Natural Environment Topographies of Inhaled Tobacco Products

As it has been already discussed in the method section, the OS3 topography dataset
is used in this study to demonstrate the methods which can be used to utilize the
session topography quantifying tool. OS3 dataset was not collected for the purpose of
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studying session dynamics and such it does not include for parameters such as session
period and session duration. For this reason, the results of the analyzing OS3 is not as
important as the method used for these analysis. This study provides a set of methods
which can be used on other datasets which is collected specifically for studying session
dynamics.
Assessing Integrity of the Results
OS3 topography dataset contains 306 full day topographies. 30 topographies were
rejected as they have less than 5 puffs in a day which is not enough data for session
topography analysis. 49 topographies were rejected mostly due to their short duration.
The reminder 227 topographies were analyzed for session dynamics.
The integrity of the session topography results of these 227 topographies was assessed
by comparing the total puffing duration of the input topography (the time between
the first puff in the day to the last puff in the day) to the calculated total puffing
duration. Figure 4.17 shows this comparison as a scatter plot. 166 out of 227 full day
topographies were successfully compared with error ≤20 [%] compared to the ground
truth. This gives a confidence of 73.1 [%] for all topographies in the dataset with
confidence of 67.9 [%], 67.3 [%] and 83.3 [%] for the topographies with tobacco, berry,
and menthol flavors respectively.

CHAPTER 4. USE BEHAVIOR CHARACTERIZATION

186

Figure 4.17: Integrity of the results of session topography of OS3. The solid red line
represents the 1:1 match while the two dotted red lines represent the ± 20% match
between the ground truth and the test results. 166 out of 227 full day topographies
successfully characterized with error ≤20 [%] = 73.1[%].

Descriptive Analysis Using Kernel Random Distribution
The session topography quantifying tool provide descriptive analysis of topographies
as Kernel random distributions. Random distributions of topographies a single were
combined to produce one distribution describing session period or session duration of
that user. In such distribution the variation in use behavior between days of week
were averaged out to show characteristics which apply to use behavior of a single user
over all analyzed days. This method was used to provide descriptions of use behavior
of all participants in OS3 dataset. Figures 4.18 and 4.19 respectively show kernel
random distributions for session period and session duration of 34 participants while
using tobacco flavored e-liquid. Figures 4.20 and 4.21 respectively show kernel random
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distributions for session period and session duration of 34 participants while using
flavored e-liquid (menthol and berry).
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Figure 4.18: Kernel random distributions describing session period behavior of all
OS3 participants in the tobacco e-liquid flavor group. The gray distributions in the
background describe a single day topography while the color distributions describe
session period of all topographies for a single participant.
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Figure 4.19: Kernel random distributions describing session duration behavior of all
OS3 participants in the tobacco e-liquid flavor group. The gray distributions in the
background describe a single day topography while the color distributions describe
session duration of all topographies for a single participant.
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Figure 4.20: Kernel random distributions describing session period behavior of all OS3
participants in the flavor (menthol and berry) e-liquid group. The gray distributions in
the background describe a single day topography while the color distributions describe
session period of all topographies for a single participant.
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Figure 4.21: Kernel random distributions describing session duration behavior of
all OS3 participants in the flavor (menthol and berry) e-liquid group. The gray
distributions in the background describe a single day topography while the color
distributions describe session duration of all topographies for a single participant.

CHAPTER 4. USE BEHAVIOR CHARACTERIZATION

192

Method of Mitigating the Confounding Factor of Day of Week to Assess
Effect of Flavor on Use Behavior
Figure 4.22 shows kernel random distributions describing session dynamics (session
period and session duration) of all participants in OS3 data set. Each gray random
distribution in the background describes us behavior of a single user. The color
random distributions describe use behavior of a number of participants grouped by
e-liquid flavors. These average out the variations in use behavior between subjects
in order to highlight the behavior of the entire group of participant. The number of
topographies and participants in Figure 4.22 are different between flavor groups because
the topographies were not available in the dataset or because some topographies were
rejected as they do not contain sufficient puffs for session topography analysis.

Figure 4.22: Kernel random distributions describing use behavior of all OS3 participants grouped by e-liquid flavors.
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Descriptive Analysis of a Chronic Ambulatory Use Behavior
Figure 4.23 is a scatter plot of the mean of session duration versus the mean of session
period of all 227 days for all 34 users in OS3 dataset. As it was shown in the previous
work that there was variation in puff period and puff duration, like wise there is natural
variation in session period and session duration. This variation can be quantified by
using joint cumulative density function.

Figure 4.23: Scatter plot of mean session period and mean session duration of N=227
topographies with joint cumulative density function to quantify variation in session
dynamics.

Similarly, such method can be used to measure the effect of flavor or any other study
factors on the variation in session period and session duration as shown in Figure
4.24. While the figure shows no significance difference between session duration of the
analyzed topographies, it shows high variation between group means of session period
of the tobacco, berry, and menthol flavor group.
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Figure 4.24: Scatter plot of mean session period and mean session duration of N=227
topographies grouped by e-liquid flavor to assess the effects of flavor on session
dynamics. Each data point represents mean session duration and mean session period
of one day topography.

Effects of Flavor Switching on Session Dynamics
Figures 4.25 and 4.26 show interval plots of mean (µ) and 95 % confidence interval
illustrating the impact of flavor switching on session period and session duration
respectively. The figures show within-subjects pairwise comparison between flavors
for each participant. The figure show some changes in session period and session
duration of some participants as effect of flavor switching. For instance, there is clear
visual difference in session duration (Figure 4.26) implicated by flavor switching from
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tobacco flavor to menthol flavor and vise versa (Condition 1 and Condition 2).

Figure 4.25: Effects of flavor switching on session period for 34 participants of two
week study.
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Figure 4.26: Effects of flavor switching on session duration for 34 participants of two
week study.
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Effects of Subject Differences, Flavor, Day of Week, and Nicotine Concentration on Session Dynamics
Figures 4.27, 4.28 and 4.29 show box plots of differences in session period and
session duration between subjects for tobacco, menthol and berry flavors respectively.
The figures show that session dynamic is different between from one subject to
another. Each box in the plot represents the means (µ) of random distributions of
the topographies associated of that particular subject. The number of data points in
Figure 4.27 is equal to the summation of data points in bot of Figures 4.28 and 4.29
because the OS3 study was designed in a way in which all subjects switch between
tobacco flavor and one of the other flavors.

Figure 4.27: Box plot comparing session dynamics of tobacco e-liquid flavor use
behavior of all participants in OS3 dataset.
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Figure 4.28: Box plot comparing session dynamics of menthol e-liquid flavor use
behavior of all participants in OS3 datasets.
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Figure 4.29: Box plot comparing session dynamics of berry e-liquid flavor use behavior
of all participants in OS3 datasets.

Figure 4.30 shows box plots to illustrate the effects of day of week and e-liquid flavor
on session period and session duration of all topographies included in OS3 dataset.
The boxes in the plots were generated using the means (µ) of the random distributions
of the topographies.
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Figure 4.30: Box plot comparing effects of week of day and e-liquid flavor on session
period and session duration of all topographies in OS3.

Figure 4.31 shows box plots which show the effects of nicotine concentration on session
period and session duration. The box plot was generated using the means (µ) of the
random distributions of all quantified topographies in OS3. The box plots are grouped
by e-liquid flavor in order to mitigate the effects of flavor as a confounding factor
associated with nicotine concentration.
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Figure 4.31: Box plot comparing effects of nicotine concentration and e-liquid flavor
on session period and session duration of all topographies in OS3.

4.4

Discussion

Much of the text presented in subsection 4.4.1 is closely related to a journal manuscript
under review.
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Quantifying Session Topography of Inhaled Tobacco Product Use Behavior

Feasibility Tests Using Contrived and Natural Topographies
The feasibility test showed that the proposed method can successfully quantify puff
period, session period, and session duration of both contrived and natural environment
topographies. The resultant pdf estimations and the extracted parameters such as
mean µ, standard deviation σ, and median Me provide an accurate approximation of
the contrived topographies.
While the method provides statistical parameters including mean, std, and median,
these parameters don’t always accurately represent the input topography. Instead, the
method provides more accurate representation in the form of a random distribution
which could be used to generate a topography approximate to the original topography.
The natural environment test case 2 represents an excellent example of the high
proximity of the random distribution provided as a representation of the session period
dynamic in the input topography. The peaks in curve of this random distribution
can be easily related to the input topography. For instance, the peak at 107 [min]
is clearly a representation of the first and last long periods in the input topography
while the other peaks at 15-55 [min] represent the other shorter session periods in
the middle of the topography. Similarly, the peak in the session duration random
distribution at 35 [min] represents the long session durations toward the end of the
input topography.
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Exhaustive Test for Accuracy
The exhaustive test provided insights about the capabilities of the proposed quantifying
method over a wide range of session period and session duty cycle. The method
quantified puff period with high accuracy which suggests the tool can be reliably used
to quantify puff dynamics. With exception of a few outliers, the method successfully
quantified session period for the entire range of session dynamics. The method seemed
to be more sensitive to the topographies with short session duty cycles. Quantifying
session duration, on the other hand, seemed more sensitive to short session period
and session duty cycles at the same time.
The proposed model seems to perform in some ranges better than others.These poorer
performing ranges don’t occur as often in real life as others. The exhaustive test is
designed to cover a wide range of session dynamics as a 2D matrix of test cases resulted
from combining variable values of session period and session duration (represented in
the figure as duty cycle). Some of these combinations represent rare scenarios. For
instance, the test case of 15 [min] session period and 0.02 duty cycle, has high session
duration error rate of 6. Looking closely at this test case reveals that this topography
assumes that there is a session with a duration of 18 [sec] happening every 15 [min].
In such short session, there could be only one puff with duration of µ = 4, σ = 1 and
period of µ = 30, σ = 5. This means that such session can only contains one puff and
in this case, the session duration is no longer 18 [sec]. Instead, it would be the same as
the duration of the puff which is µ = 4, σ = 1. Such session with very short duration
is very hard to detect and it could be easily confused with a puff as it consists of only
one puff.
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Exhaustive Test for Sensitivity of Variation
Puff period showed little to no sensitivity to either session period or session duty cycle
variation. Whereas, session period was sensitive to session period with high variation
but not at all sensitive to session duty cycle variation. Session duration seemed to
be the most sensitive, of the 3 parameters, to both session period and session duty
cycle variations across the range tested. All on all, the sensitivity test showed, that
the proposed method is capable of quantifying topographies with different level of
variation.
Broader Applications of the Proposed Work The proposed method was tested
for quantifying tobacco product topography dynamics. However, it may be applied to
other broader applications. For instance, it may be applicable to analyze addictive
behaviors such as alcohol abuse, drug abuse, gaming, watching TV, and use of social
media.
The session dynamics quantifying tool can be used as a feature extractor or preprocessing layer for artificial intelligence algorithms. In addition, it can be easily
modified to detect patterns in temporal signals of various domains such as voice
recognition, weather forecasting, and biosignal analysis.
Limitations The lack of topography data sets labeled for session dynamics limited
the testing of the proposed method. While the exhaustive test provided a huge
number of topographies for testing, there is still some uncertainty about how do these
topographies cover the actual natural environment topographies. This limitation can
be addressed by testing the method with a labeled data set. Our team is currently
working on generating a labeled data set for different types of tobacco products and
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we are planning on using it to test this method.
The current session dynamics characterization does not include assessment of puff flow
rate characteristics. The addition of puff flow rate characteristics is a feature which
should be added to support epidemiological predictions of public health impacts of
variation in tobacco product design.

4.4.2

Analysis of Natural Environment Topographies of Nicotine Users of Inhaled Tobacco Products

Assessing Integrity of the Results
In an ideal validation, a dataset of topographies with labeled session period and
session duration values can be used for more accurate validation for the result. In the
absence of such dataset, the previous section introduced exhaustive tests in order to
validate the whole method. The integrity assessment of the results presented here
is an important process to evaluate the validity of using the results in the following
analysis. This process is recommended when other datasets are used in any future
study.
Descriptive Statistics
The session topography quantifying tool provides a kernel random distribution for
each topography. It also provides the statistical parameters associated with the
random distributions including the Peak (P), Median (M), Mean (µ), and Standard
Deviation (σ). These results can be used to describe a group of topographies. The
descriptive statistics should be informed by the purpose of the study. One method
which was presented in this work is to combined the kernel random distributions of
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all topographies in a group into a single kernel random distributions. The final group
distribution tends to be normal due to the central limit theorem. As the number of
the grouped topographies increases, the distributions parameters of all flavors tends
to converge. This leads to losing use behavior correlated to participants and day of
week. However, the group random distribution might be useful when comparing use
behavior across devices.
The statistical parameters of the kernel random distribution of single topographies,
Peak (P), Median (M), Mean (µ), and Standard Deviation (σ), could be combined to
describe a group of topographies. In this work the mean (µ) was used in the cohort
analysis of relationship between session period and session duration. Depending on
the application, the other parameters such as peak and median could be more accurate
to use.
Inferential Statistics
Inferential statics should be informed by the purpose of the study. OS3 was used
here as an exemplar of how session topography can be used to understand effects of
different factors on user behavior. OS3 focused on the effects of switching e-liquid
flavors on use behavior. For this reason, the inferential statistics methods demonstrated
here examples demonstrated here used the switching factors and the accompanied
confounding factors. The valuable part of the OS3 dataset analysis was illustrating
how session dynamics informed a whole new field of user behavior quantification.
The pairwise comparison to test the effects of the flavor switching on session topography
used the means (µ) of the random distributions of topographies. The analysis showed
changes in session period and session duration of some participants as effect of flavor
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switching. While the observed change was not consistent between the conditions, it is
an indication of compensational behavior.
Comparing session topography between users showed that there is no one model which
represent session topography of all users of a particular group. While is not known
what affects this difference, it is important to highlight that the results showed that
there is no typical session period or session duration which can be generalized to all
users. This is still true even after grouping the users based on the e-liquid flavors of
the same type and brands of ENDS.
Figure 4.30 which compares session topography with e-liquid and day of week demonstrate how the session topography method can be used as a tool to investigate how
flavor in e-liquid affect use behavior. In other words it shows weather users tend to
use tobacco product for longer period of times or shorter period of time as a function
of flavor in the e-liquid. It also shows that there is an effect of day of week on use
behavior. In reality the different use behavior as a function of day of week might be
associated with life environment such as if a user work in that day or if the user was
student who has heavy course work in a particular day. This tool provide a mean
of quantifying the impact of day of week as a confounder of flavor or other possible
characteristics in a way which has never been available before.
OS3 treated nicotine concentration as a cofounder factor. In addition, OS3 followed the
PhenX protocol PX730301-NicotineContent [105] to categorize nicotine concentration.
This standard might be outdated as the nicotine concentrations currently available
available in the market are higher than those which OS3 used. This could be the
reason why there was no correlation founded between nicotine concentration and
session topography. In another study which focuses mainly on the effects of switching
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nicotine concentration, compensatory behavior might be more obvious as measured
using session topography. OS7 which is currently being conducted at the Respiratory
Technology Lab (RTL) is an example of such study. In a compensatory behavior, a
user is expected to change increase session duration or decrease session period when
switching from high nicotine concentration to lower nicotine concentration in order to
compensate for the lost in the amount of nicotine which enter the body system. The
examples provided in this chapter are a well fit analysis tool to test if such relationship
exists.
Method Significance and Implications
Using the session topography quantifying tool and the descriptive and inferential
method suggested in this study informs a whole new field of research. These tools can
be utilized in several perspectives including healthcare, regulatory and public health.
Healthcare: From the perspectives of healthcare providers and biomedical researchers, this tool is useful for understanding basic mechanisms of health effects and
addiction in humans, informing effective clinical interventions, and quantifying the
trajectory of product use at the patient specific level. The probability distributions
functions produced by this method provide accurate estimation to the dynamic of
use, type of use, and the overall cumulative use. Combining these distributions for
topographies of multiple days provides a way to understand and compare dynamics of
use such as between weekdays and weekends. Such comparison can be combined with
other factors such as the emotional status of the user to understand its effects on the
type, dynamic, and heaviness of use. This side of the applications of the tool is of
interest to an organization such as the National Institute of Health (NIH).
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Regulation: From a regulatory perspective, this tool supports quantifying the
population health level impacts of a new product proposed for introduction to the
marketplace. For instance it can be use to understand the relations between chronic
use behavior and device characteristics. This side of the applications of the tool is of
interest to the Food and Drug Administration (FDA) which is interested in the short
and long term effects of devices on human health
Public Health: This tool supports understanding the evolution of a person’s
addictive behavior over time. This side of the application of the tool is of interest
to the Centers for Disease Control and Prevention (CDC) which is interested in the
stochastic forecasting of population consumption patterns associated with any given
product or under any natural environment.

4.4.3

Generalizing the Session Topography Method to Other
Applications

The quantifying session topography method presented in this work can be generalized
to other applications of addictive behaviors. Some of the other applications are clear
analogous to the use of inhaled tobacco product such as the use of cannabis and other
drugs. Other type applications could be alcohol additions, use of social media and
video games. For seamless and easy generalization of the method to other applications,
the topography and the process of the quantifying method can be abstracted. At the
abstraction level, the method could be easily applied to all of these applications.
Topography can be abstracted as a time series of events. These events are analogous to
puffs in case of the inhalation topography. These events are relatively short compared
to the length of the of the time series (i.e. puff duration is very short in relation
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to duration of a day). This abstraction does not not assume any specific sampling
frequency or length of the time series as long as the these events are relatively short
and there is enough number of them in the time series. These events can be categorize
as level zero events (i.e. puffs). In inhalation topography, a session is a group of
consecutive puffs. This description of a session can be abstracted to define level one
events in the abstract topography. In such analogy, level one events are defined as
a group of consecutive level zero events. The idea of layering levels of events can be
repeated to define level two and level three events and so on. However, for simplicity,
this example stops at level one events which is the abstraction of a session.
The abstracted topography can be generalized to describe any addictive behavior.
Alcohol use is an excellent example of this generalization. Taking a sip of alcohol can
be considered a level zero event (analogous to a puff in the inhalation topography).
In a session of alcohol drinking, a user takes a group of consecutive sips which is
considered as a level one event. As in inhalation topography, the number of sips in a
session and the duration of a session varies between users. For instance, a session in
alcohol drinking could be a few shots, a few number of sips of a glass of wine or a big
number of sips of several bottles of beer. From the abstraction point of view both
inhalation topography and alcohol use topography are time series which consists of
levels of events. Using social media is another example of addictive behavior which
can be described using the proposed abstraction. For instance scrolling through a
thread of tweets or posts can be level zero events and a group of consecutive scrolling
is level one event. The type of addiction and the factors a study is focused on, define
the level zero events in a topography.
Using the abstraction topography, the quantifying session topography method pre-

CHAPTER 4. USE BEHAVIOR CHARACTERIZATION

211

sented in this study can be applied to quantify any addictive behavior. This generalization opens a wide field of studies to quantify and understand addictive behavior.
It can be used by health care providers, social workers, psychologist, regulators and
several other sectors. Such method also provide a general and consistent terminology
which can be interchangeably used to describe and document the level or type of
addiction. A health care provider or a psychologist can use this tool to diagnose the
level of addiction of a patient and over the intervention period, it can be used to track
the progress of the patient. A public health specialist might use this tool to quantify
the level of addiction of a cohort of user or compare the differences in the effects of
social media platforms. More work is needed to test the validity of this generalization.

4.5

Conclusions

Much of the text presented in subsection 4.5.1 is closely related to a journal manuscript
under review.

4.5.1

Quantifying Session Topography of Inhaled Tobacco Product Use Behavior

This study validated an accurate method for quantifying tobacco use behavior over
extended intervals of time, expressed as probability density functions for session period
and session duration. It increases the capabilities to answer important questions in
various fields including health care, regulation, and public health. The method is
demonstrated for quantifying puff period, session duration, and session period over
a wide range of use cases. The method was tested on both contrived and natural
environment data. Exhaustive tests are implemented to validated the accuracy and
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sensitivity of the method across wide range of session period and session duty cycle.
The method showed steady high accuracy results for puff period and session period.
The method also showed acceptable accuracy in quantifying session duration for
topographies over wide range of of the test cases included in the tests.

4.5.2

Analysis of Natural Environment Topographies of Nicotine Users of Inhaled Tobacco Products

Quantifying session topography method is valuable tool for accessing the effects of
tobacco products characteristics on use behavior. The method provided new parameters
to characterize use tobacco behavior which opens new field of studies. The method
could be utilized for studies in several related fields including health care, regulatory
science and public health. Non of the topography datasets, which are available to
use in this study, were designed to investigate session dynamics of use behavior. OS3
dataset was used in retrospect to show the power of the session topography quantifying
tool. Now that this method is presented, the tobacco research community can begin
designing investigations which target assessing the effects of product characteristics on
use behavior characterized as session dynamics (session period and session duration)
in addition to puff dynamics (puff period and puff duration).
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Chapter 5

Conclusions, Recommendations and Future
Work

5.1

Conclusions

Detailed technical conclusions were presented at the end of the related chapters. This
section reintroduce the conclusions which have higher potential regulatory impacts.

5.1.1

ENDS Product Characterization

1. Energy is an important if not the most important contributor to the yield
generated from an ENDS. Energy is a single parameter which encompasses
several underlying parameters including coil voltage, coil current, coil resistance,
coil power, and puff duration.
2. A method was demonstrated to dynamically measure coil temperature based on
temperature coefficient of resistance (TCR). It was shown that coil temperature
can be controlled by the ENDS by changing the energy delivered to the coil per
pulse which is, in turn, controlled by duty cycle of the pulses using the PWM
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algorithm.
3. A strong relationship was demonstrated between the amount of energy per puff
and the mass of generated emission per puff.
4. Manufacturers of ENDS devices use techniques to regulate power delivered to
the coil. Pulse Width Modulation (PWM) is an example of these techniques
which Vuse ALTO ENDS uses. It was demonstrated that the Vuse ALTO has
the ability to control the amount of energy per pulse and thus the amount of
energy per puff which is delivered the coil to generate emissions.
5. A method was demonstrated to dynamically measure the power delivered to
the coil during operation while generating emissions. This method was applied
to Vuse ALTO but it can be applied to various other devices. The future work
section introduces a proposed list of devices to initiate such testing.
6. The four wire coil resistance testing method was demonstrated on 13 brands
of ENDS. A custom static coil resistance apparatus presented in this work was
demonstrated on 5 brands of ENDS. It can be generalized to various other
types of devices. This apparatus was demonstrated to quantify manufacturing
variation in the coil resistance of the heating element (coil). This variation
can lead to significant variation in the performance of the ENDS, and thus the
generated emissions.
7. Coil resistance of the 13 tested brands of devices showed variations within
manufacturers and between manufacturers. Products of some manufacturers
exhibit more variations than others. Using a heating element (coil) of a different
manufacturer could lead to generate higher level of emissions and HPHCs.
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Potential risks increase when coils of low resistance are used with ENDS designed
for higher coils with higher resistance.
8. Coil lifetime was associated with the amount of e-liquid remaining in the pod.
9. No relationship was found between initial coil resistance and coil lifetime.
10. Coil material degraded over time during usage. Chunks of the metal coil could
potentially ejected and inhaled by the user. This risk is especially increased
when the life of disposable pods and coils is increased by refilling the pod with
e-liquid.

5.1.2

Use Behavior Characterization

1. First every demonstrated method for quantifying chronic session topography
parameters (session duration and session period).
2. Demonstrated the use of session topography to investigate the effects of user
environment (such as a day of week) on chronic patterns of use behavior.
3. Demonstrated use of session topography to investigate how product characteristics (such as e-liquid flavors and nicotine concentration) may moderate chronic
use behavior and as a basis for population level health forecasting.
4. Puff topography provides insight into the acute behavior of tobacco users.
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Recommendations

5.2.1

ENDS Product Characterization

Several recommendations regarding proposed regulations of ENDS product for consideration by the FDA.
1. Limiting the maximum coil energy per puff allowed in an ENDS is an effective
parameter for the FDA to regulate. The energy delivered to the coil transforms
to heat energy to vaporize e-liquid by virtue of latent heat of vaporization. This
is true even if the underlying parameters such as coil resistance or instantaneous
voltage, current, or power are changed. This proposed regulation also reduces
the adverse impact of coil resistance variations. This proposed regulation would
be best implemented with a complimentary factor of limiting the minimum
saturation temperature of the e-liquid. These two factors provide a strong
package to regulate the entire electronic cigarette operation from both power
control unit and e-liquid sides.
2. To overcome the manufacturing variation of the ENDS, manufacturers should
characterize these variations when they apply for Premarket Tobacco Product
Application (PMTA) to the FDA. Manufacturers should also prove that the
heating elements used in their emission study, submitted to the FDA, are a true
representation of the actual manufacturing variation. Otherwise, manufacturers
can select a bias sample of coils which generate low emissions in order to falsely
show that their devices are within the acceptable region set by regulators. FDA
should issue strict instructions which require that the sample of coils (heating
elements) used in emission studies have the same distribution as the total
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population of manufactured coils.
3. It is critical to prohibit users from interchanging coils between manufacturers.
This could be implemented by standardizing physical design features which
prevent interchanging coils of big resistance differences. Another options is to
require an ENDS software algorithm which activates the ENDS only when coils
with acceptable resistance are use.
4. Regulations should require labels warning against misuse of disposable pods
or require product safety/inter-lock features preventing re-filling of pods with
e-liquid.

5.2.2

Use Behavior Characterization

Recommendations for studies to be conducted to better understand and quantify
addictive behavior of individuals.
1. Ambulatory session topography should be employed to better understand the
chronic behavior of tobacco users in their natural environment. A longitudinal
human subject study is recommended to characterize the chronic behavior
patterns of users of variety of tobacco products such as cigarettes, e-cigarettes,
and water pipes.
2. Topography dynamics provides insights into how users compensate their behavior
(acute and chronic) in response to changes in tobacco products characteristics. A
human subject switching study is recommended to characterize how users compensate their session topography in response to e-liquid nicotine concentration
reduction.
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3. Puff topography, session topography, and topography dynamics may prove to be
a powerful tool for characterizing addictive behavior in general, such as alcohol
and drug use. A preliminary investigation should be conducted to assess the
feasibility of characterizing other addictive behaviors using the concept of puff
and session topography.

5.3

Summary of Achieved Outcomes

1. Built static coil resistance testing apparatus for six pod style ENDS.
2. Built testbench for dynamic power measurement for Vuse ALTO.
3. Published Journal Paper (lead author): Method for Quantifying Variation in
the Resistance of Electronic Cigarette Coils, IJERPH [5].
4. Published Journal Paper (lead author): Effects of Manufacturing Variation in
Electronic Cigarette Coil Resistance and Initial Pod Mass on Coil Lifetime and
Aerosol Generation, IJERPH [7].
5. Journal Paper under review (lead author): “A robust method for quantifying
the natural environment topography dynamics of E-cig users”.
6. Published Journal Paper (other than lead author): Nominal Operating Envelope
of Pod and Pen Style Electronic Cigarettes, Frontiers in Public Health [6].
7. Published Journal Paper (other than lead author): Proposed Standard Test
Protocols and Outcome Measures for Quantitative Comparison of Emissions
from Electronic Nicotine Delivery Systems, IJERPH [81].
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8. Published Protocol (lead author): Coil Resistance Testing Apparatus for VUSE
ALTO [74].
9. Published Protocol (lead author): Measure Effects of Manufacturing Variations
of ENDS on coil Lifetime and Aerosol Generation [71].
10. Published Protocol (lead author): Building Testbench for Dynamic Power
Measurement for VUSE ALTO [79].

5.4

Future Work

The recommendations provided in the preceding section were addressed to the regulatory, tobacco science, health, and behavioral research communities. The future work
proposed here is primarily addressed to the continuing efforts of researchers in the
Respiratory Technology Lab (RTL).

5.4.1

ENDS Product Characterization

1. Exhaustive run to failure trials quantifying the effect of e-liquid fill level on coil
degradation. This is to retest the effects of initial coil resistance on performance
(TPM, power, lifetime . . . ) of ENDS devices which is initially investigated in
3.1.2. The proposed retest is suggested to be conducted on the dynamic power
measurement testbench introduced in 3.1.3. The dynamic electrical signals
collected during the exhaustive test provide in depth understanding of the failure
modes exhibited by the coil. The same profile used in 3.1.2 can be used here,
puffs with duration of 5.5[Sec] and 11 [Sec] inter puff interval. Each trial consists
of 20, 10, or 5 puffs depending on the amount of e-liquid left in the pods. This
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experiment can be conducted on at least 5 pods with initial coil resistances which
cover the range of manufacturing variations 0.933–1.214 [Ω]. This experiment is
important to fully understand mechanisms and the factors of the relationship
between e-liquid fill level and coil degradation to inform regulatory parameters
regarding refillable devices or disposable pods. This experiment also provide the
data to test the feasibility of a method which can be utilized by the PCU to
check the status of the coil and weather it is safe to use it.
2. Exhaustive battery trials on dynamic power measurement testbench. This is to
test the effects of battery voltage on power delivered to the device and TPM.
In these trials the PCU will not be charged during or between trials. Each set
of trials starts with a fully charged battery and the device is used until the it
stops working and the battery is completely empty indicated by ten green flashes
by the LED on the side of the PCU [76]. At least two sets of trials should be
executed for this experiment.
3. Variable flow rate and duration. This experiment tests the effects of flow rate
and duration on power delivered to the coil. The profile should cover a range
of flow rates with in MinAF and MaxAF and a range of puff duration with 0.5
[Sec] (lower than MinAD) up to 6 [Sec] (higher than MaxAD).
4. Profiles to test the deactivation duration. When the device is used in puffs
longer than 5 [Sec] it deactivates itself. The time required for the device to
rest before it can be used again is not known. This profile can help provide an
estimation. The profile consists of puffs of fixed duration and fixed flow rate at 6
[Sec] and 30 [mL/Sec] respectively. The period and consequently the Inter-puff
interval is changed at every three puffs. The periods used start at 7 [Sec] (1
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[Sec] inter-puff interval) up to 22 [Sec] (16 [Sec] inter-puff interval) with 1 [Sec]
steps. The total number of puffs in this profile is 48. This profile can be run
twice test for repeatability.
5. Apply the method demonstrated to build the dynamic power measurement
testbench for Vuse ALTO on other ENDS devices. The list of potential pod
styles ENDS includes blu [106], Njoy ACE [107], and Caliburn [108]. These
devices have been already disassembled to build coil resistance test fixtures.
They are suggested because their internal structure is very close to the internal
structure of the Vuse ALTO and hence it will be easier to build dynamic power
measurement testbenches for these devices. Another important exmple to start
with is the Standardized Research Electronic Cigarette (SREC) [109] which is
adopted by the NIH for clinical research. This pod style ENDS is produced by
NJOY LLC and has the same visual and physical characteristics as the NJOY
ACE. Building power measurement testbench for SREC will provide wealth of
information to close the loop with the clinical research funded by NIH.

5.4.2

Use Behavior Characterization

Generate Labeled Topography Dataset
Test the session topography quantifying tool using labeled topography datasets for
session duration and session period. As a first step, the labels can be manually
generated by an researcher who is expert analysis of inhalation topographies. It is
suggested that such process is first conducted on topography datasets of combustible
cigarette as it is easy to define a start of a session and end of a session by simply
considering each cigarette as a session. This dataset can be used to conduct an accuracy
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test of the method. This process is just a starting point in a cycle of development
steps to test and improve the quantifying method.
Classification of Use Behavior Using Puff and Session Topographies
Classifying users based on their behavior (use pattern) provides significant benefits in
evaluating their level of addiction, intervention treatment, potential health risks, and
more. In addition to the research community, healthcare providers, social workers,
regulators, and more could use such a classification tool. Furthermore, this tool could
be generalized to classify other types of addictive behavior such as alcohol, opioid,
video games, and use of social media.
Puffing topography is a temporal (time series) signal in which information is embedded
in its behavior over time. The session topography quantifying tool presents an excellent
characterization of use behavior using kernel random distribution. Classifying use behavior might require machine learning algorithm which provide in depth consideration
of the embedded use pattern. Future work can focus on evaluating the feasibility of
using several machine learning algorithms to classify inhalation topographies. Some
of the proposed classification algorithms are k-NN (k-Nearest Neighbors), logistic
regression, ELM (Extreme Learning Machine, and RNN (Recurrent Neural Network).
Figure 5.1 shows a classification study plan suggested for future work. Classification of
topographies can be implemented using two options. The first option include using the
session topography quantifying tool, presented in 4.2.1, as a feature extractor of input
topographies. These features are then used as input to classification models. The
features can be the whole kernel random distributions or the statistical parameters of
the distributions including Peak (P), Media (M), Mean (µ), and Standard Deviation
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(σ). The classifications algorithms a future study can start with are:
• Extreme Learning Machine.
• Linear Regression.
• k-Nearest Neighbor.
The second option is to use Recurrent Neural Network (RNN) to classify puffing
topographies. RNNs have been successfully used in several time series applications. In
such method it is possibly that no feature extractor is needed and that topographies
can be fed directly to train and test the neural network.

Figure 5.1: Suggested plan to conduct classification of puffing topographies.

Classifying topographies answers several questions facing the tobacco research community. For instance, the relation between topography classes (use pattern) and the
potential health risks. Analyzing the correlation between use patterns classes and
emission consumption parameters could answer this question. Examples of these
parameters are the accumulative TPM and nicotine per day delivered to a user. It
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is expected that users in a particular class could have TPM and nicotine exposure
more than users in another class. Such analysis would inform regulations to try to
inhibit particular behavior, which causes more exposure. It can be also used to inform
health care providers about the amount of exposure of patients by referring to their
use pattern classes.
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Appendix A

Coil Resistance Testing Apparatus for VUSE
ALTO

This protocol has been already published at Protocols.io [74]. It was exported and
included in this document for convenience.

APPENDIX A. COIL RESISTANCE TESTING APPARATUS FOR VUSE ALTO

Coil Resistance Testing Apparatus for VUSE
ALTO
International Journal of Environmental Research and Public Health
In 1 collection

Oct 23, 2020

Qutaiba Saleh1, Edward C Hensel1, Risa Robinson1
1Respiratory

Technologies Lab, Rochester Institute of Technology

1 Works for me

Share

dx.doi.org/10.17504/protocols.io.bibnkame

Respiratory Technologies Lab
Tech. support phone: +1 ( 585) 475-7684 email: Res pTechLab@ r it. edu
Click her e to mes s age tech. s uppor t

Qutaiba Saleh

Rochester Institute of Technology

ABSTRACT

Measuring coil resistance of Electronic Nicotine Delivery Systems (ENDS) accurately is
critical in any research studying the characteristics of electronic cigarettes and their
effects on the performance of these devices. It has been shown in several papers that
changing coil resistance has the potential to change the Hazardous and Potentially
Hazardous Constituents (HPHC) of emissions and consequently health effects on users.
This protocol describes how to build a test apparatus for coil resistance measurement for
ENDS. This apparatus mimics the geometrical and electrical characteristics of the ENDS
and thus provides accurate measurements of the effective coil resistance. The steps
shown in this protocol are illustrated for creating a VUSE ALTO test apparatus, but the
general idea can be applied to other devices.
DOI

dx.doi.org/10.17504/protocols.io.bibnkame
EXTERNAL LINK

https://www.mdpi.com/1660-4601/17/21/7779/htm
PROTOCOL CITATION

Qutaiba Saleh, Edward C Hensel, Risa Robinson 2020. Coil Resistance Testing
Apparatus for VUSE ALTO. protocols.io
https://dx.doi.org/10.17504/protocols.io.bibnkame

1
Citatio n: Qutaiba Saleh, Edward C Hensel, Risa Robinson Coil Resistance Testing Apparatus for VUSE ALTO
https://dx.doi.org/10.17504/protocols.io.bibnkame
This is an open access protocol distributed under the terms of the Creative Co mmo ns Attributio n License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited

227

APPENDIX A. COIL RESISTANCE TESTING APPARATUS FOR VUSE ALTO

MANUSCRIPT CITATION please remember to cite the following publication along with this protocol

MDPI and ACS Style Saleh, Q.M.; Hensel, E.C.; Robinson, R.J. Method for
Quantifying Variation in the Resistance of Electronic Cigarette Coils. Int. J. Environ.
Res. Public Health 2020, 17, 7779.
COLLECTIONS

2020 Featured Protocols
KEYWORDS

e-cig, ALTO, Pot-style, Coil resistance, emissions, ENDS, product characteristics
LICENSE

This is an open access protocol distributed under the terms of the Creative
Commons Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original author and source are credited
CREATED

Jul 08, 2020
LAST MODIFIED

Oct 23, 2020
PROTOCOL INTEGER ID

38990
PARENT PROTOCOLS
In steps of

Measure Effects of Manufacturing Variations of ENDS on coil Lifetime and Aerosol
Generation
Part of collection

2020 Featured Protocols
Cited in

Measure Effects of Manufacturing Variations of ENDS on coil Lifetime and Aerosol
Generation
Measure Effects of Manufacturing Variations of ENDS on coil Lifetime and Aerosol
Generation
Measure Effects of Manufacturing Variations of ENDS on coil Lifetime and Aerosol
Generation

2
Citatio n: Qutaiba Saleh, Edward C Hensel, Risa Robinson Coil Resistance Testing Apparatus for VUSE ALTO
https://dx.doi.org/10.17504/protocols.io.bibnkame
This is an open access protocol distributed under the terms of the Creative Co mmo ns Attributio n License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited

228

APPENDIX A. COIL RESISTANCE TESTING APPARATUS FOR VUSE ALTO

GUIDELINES

General capabilities:
Comfortable with using hand tools such as screwdrivers, pliers, file, and tweezer.
Familiar with using Digital multi-meter (DMM) to make voltage, current, and resistance
reading. It is important that the DMM used provides the option for four-wire resistance
measurement. The DMM used in this protocol is a Keysight Model 34465A. This link
is for the operating and service guide for 34465A.
Familiar with using power tools such as a small drill.
General experience with electric circuits and uses of tools such as soldering iron.
MATERIALS TEXT

1. Vuse ALTO Electronic cigarette, to be disassembled and converted into a test fxiture.
2. Digital Multimeter with four-wire resistance measurement option such as Keysight 34465A
3. Copper wire +2 Meters. High conductance thin wire is preffered.
4. Soldering iron
5. Hot glue gun
6. Hand tools such as small screwdirvers, pliers, file, and tweezer
7. Table vise

SAFETY WARNINGS

The next is a short list of safety advices. For comprehensive guidelines, please, follow the
standard safety procedures when working on electronic circuits or using the various tools
in this protocol.
Use caution when dealing with:
Lithium battery. It is important to use caution when working on the battery even if the
battery is discharged. Short circuit connection between the battery terminals could
cause fire.
Electronic kit could contain capacitors which could cause electric shock or fire when
they discharge.
Soldering iron could lead to burn of the operator and material damage.
Using power tools such as drills.
BEFORE STARTING

Assemble all the materals listed in the material page.
This protocol is for pod-style ENDS which typically consist of two user subassemblies.
The ENDS Pod is the removable pod which contains the heating coil, wick, e-liquid and
mouthpiece.
The ENDS Power Control Unit (PCU) contains the battery, electronic circuitry and user
interface.
Preparation

1

2h

Discharge ENDS battery
3
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This step is critical for the safety of the operator and the lab facility. The battery can be
discharged by using the ENDS until the battery is out of energy. The LED on the device flashes 10
times when the battery needs to be charged. This is a good indication that the battery is
discharged.

It is important to use caution when working on the battery even if the battery is
discharged. Short circuit connection between the battery terminals could cause fire.

Open the ENDS PCU to access the internal component

10m

2

Remove the pod from the PCU , if it is not already removed.

3

Hold the device using a vice or any similar tool .
The device should be in an upside-down position as shown in the picture.

Table top vise holding and inverted ENDS PCU.

4

Using a small screwdriver, poke the two small metal retainer-clips as shown in the picture in
step 3.
These two clips can be totally pushed inside the device. The picture shows as if the two clips are
4
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pushed together at the same time just to help locate the location of the clips, however, they can
be pushed one at a time.

5

Pull the plastic end of the device with a pliers.
It could require some strength and shake to pull the end. In some devices, this step can be
performed with hands.
The plastic end of the device is part of an internal plastic case which contains all the internal
components of the device and it can be pulled out off of the external metal case as one unit as
shown in picture.

Partially disassembled ENDS PCU.

6

Remove the white rubber gasket from the external case.
This piece works as a separator between the internal case and the housing for the pod. It can be
easily removed by pushing it out of the case with a screwdriver, a pen, or any other similar tool.
After removing the rubber gasket, the external metal case will look like an empty tube.

5
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Axial view of the ENDS external metal case.

7

Remove the plastic cover of the electronic kit (labeled in the picture shown in step 5).
It is a small black piece of plastic with white clear circle in the center. It can be easily removed by
hand. The white clear circle in the center is covering the LED. At the end of this step, the internal
case will look as shown in the picture.

Top view of the ENDS PCU internal plastic case.

Remove the battery and electronic kit from the internal case

8

30m

Dislocate the battery and electronic kit from internal case.
This step can be performed by hand. A tool like a plastic tweezer can be also used to dislocate
6
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the battery. Metal tools are not recommended to be used with the battery. It is also important to
be careful when handling the battery even if no metal tools are used.
This step will expose the wires which connected the components together as shown in the
picture below.
Three sets of wires are used in this device:
1. Long red and long white wires which connect the charging flat connectors to the electronic kit.
2. Red and black wires which connect the battery to the electronic kit.
3. Short blue and black wires which connect the spring-loaded connectors to the electronic kit.

Illustration of ENDS PCU electronic kit disassembly.

The next picture shows the soldering locaitons of the wires on the electronic kit.

Identification of key electrical connections on the ENDS PCU control board.

9

Remove the battery and electronic kit from the internal case
7
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9.1

Cut the long red and the long white wires running from the electronic kit to
the charging connectors side leaving the wires attached to the electronic kit. As
shown in the picture in next step.

9.2

Using soldering iron, disconnect the short blue and short black wires
running from the electronic kit to the spring-loaded connectors from the kit side
leaving the wires connected to the spring-loaded connectors.
Using the soldering iron to disconnect the wires keeps the metal core of the wire
exposed which will be used in the following steps.
At the end of this step, the battery and electronic kit should be completely
separated and look like the picture below.

The battery and the electronic kit should be properly stored to prevent
any short circuit or damage to the battery. Wrap electrical tape on the
lose terminals of the red and white wires.

Illustratin of the battery and control board removed from the ENDS PCU

Connect four wires leads

30m

10

Cut four wires with the same length. The length of the wire is preferred to be 50-70cm for easier
handling. Longer or shorter wires can be used as preffered.
The wires are grouped into groups of two wires. The first group is positive group while the second
group is the negative group.

11

Using soldering iron, connect one side of the wires in each group together.
8
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12

Using soldering iron, connect the positive and negative wires to the blue and the balck
wires in the PCU .
The picture below shows the process for the negative wires (Forse- and Sense-). The same
process is applied to the positive wires.

Soldering negative leads to black wire connected to the spring loaded connector

13

Using soldering iron, connect the other terminal of each wire to a banana plug .
These plugs are used to connect the tesing apparatus to the DMM.

Four-wire leads for connecting the digital multi meter to the test apparatus.

14

Make a groove in the far end of the plastic case (charder connector side) of the PCU to
make room for the four wires.
See picture in the next step.

9
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15

Fix the wires in the plastic case of the PCU using hot glue and plastic clips.
See the picture.

Gasket reinstalled on the ENDS PCU inner plastic carrier.

Final assembly

16

10m

Put the white rubber gaske t back on the connector side of the plastic case.

Gasket reinstalled on the ENDS PCU inner plastic carrier.

17

Insert the plastic case back in the external metal case of the ENDS.
Slide the plastic case in the metal case slowly to avoid casuign any damage to the rubber gasket.

10
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ENDS PCU inner plastic carrier about to be inserted into the ENDS PCU outer metal case.

ENDS PCU inner plastic carrier sliding into the ENDS PCU outer metal case.

After this step the test fixture is completed and ready to use.
When the case is fully inserted, it is stable enough so that no retainers are necessary to
hold it in place. Not using the retainers makes it easier to reopen the device for future
maintenance.

11
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Test apparatus finished and ready for use.

First reading verification

18

10m

Set the ENDS test fixture vertically using a table tope vise or any similar handler as shown in
picture (A) below.
This step is to make sure the fixture is not moving to ensure steady reading. If a vise is not
available, the ENDS test fixture can be fixed horizontally on a tabletop as shown in picture (B)
below. The orientation should not make difference in the readings, but one orientation is
preferred for comparable results.

12
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(A) ENDS test fixture held vertically using table top vise.

(B) ENDS test fixture held horizontally on a table.

19

Connect the four-wire leads to the DMM (Digital Multimeter) using the four banana plugs.
Connect the Force+ and Sense+ leads to the inputs denoted HI in the DMM and connect the
Force- and Sense- to the input denoted LO in DMM. The arrangement and labels of the inputs on
the DMM might vary from one brand to another. Picture (A) below shows the configuration for the
Keysight Truevolt Series Digital Multimeters.
Picture (B) and picture (C) show the ENDS test fixture leads connected to DMM Keysight 34465A
and Keysight 34401A respectively.
For detailed information about connecting the leads and taking resistance measurement look at
page 66 of the Operating and Service Guide of Keysight Truevolt Series Digital Multimeters here.

. Keysight Truevolt Series Operating and Service Guide.
https://literature.cdn.keysight.com/litweb/pdf/34460-90901.pdf

13
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(A) Four-wire leads setup.
The picture is taken from the operating and service guide for Keysight 34465A DMM.

(B) ENDS test fixture leads pluged to Keysight 34465A DMM.

(C) ENDS test fixture leads pluged to Keysight 34401A DMM.

20

Insert the ALTO pod into the ENDS test fixture.

14
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ENDS test fixture with pod inserted in it.

21

Turn the DMM on.

22

Press [ Ω4W] on the front panel of the DMM. The DMM will start to make readings of the
resistance value using the four-wire technique. As shown in picture (B) and (C) of step 19.

Based on our analysis of 35 Vuse ALTO pods, the expected coil resistance value is
within the range of 0.8960-1.2141 [Ω].

15
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Appendix B

Measure Effects of Manufacturing Variations
of ENDS on coil Lifetime and Aerosol Generation

This protocol has been already published at Protocols.io [71]. It was exported and
included in this document for convenience.
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ABSTRACT

Manufacturing variations in coil resistance, initial pod mass, and e-liquid color could
have effects on the performance of electronic nicotine delivery system (ENDS).
Specifically, these variations could affect coil lifetime, total particular mater yield, and
e-liquid consumption rate. This protocol is a step by step explanation of the test
procedure used to assess these effects. The steps describe the preparation of test
specimens, making measurements, and running puffing sessions on the device under
test. While this protocol was used for Vuse ALTO ENDS, it was written in a way to
make it as generic as possible so that it can be applied to other brands and types of
ENDS. This protocol was successfully used in bigger research project. The article
which this protocol is associated with will be added to the Metadata once it is
published.
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PROTOCOL INTEGER ID
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GUIDELINES

General capabilities:
Familiar with handling electronic tobacco product for research purposes.
Trained to work in the lab and dealing with sensitive equipment.
Familiar with using Digital multi-meter (DMM) to make voltage, current, and
resistance reading. It is important that the DMM used provides the option for fourwire resistance measurement. The DMM used in this protocol is a Keysight Model
34465A. This link is for the operating and service guide for 34465A.
Familiar with using automatic puffing machine.
Familiar with using accurate gravimeter.
MATERIALS TEXT

One ENDS device. This experiment use Vuse ALTO ENDS.
15 or more Vuse ALTO pods.
Coil resistance testing apparatus. A step by step protocol to build this device can be found at:
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Qutaiba Saleh, Edward Hensel, Risa Robinson. Coil Resistance
Testing Apparatus for VUSE ALTO. International Journal of
Environmental Research and Public Health.
http://dx.doi.org/10.17504/protocols.io.bibnkame

The coil resistance testing device is also presented at:

Coil Resistance Testing Apparatus for VUSE ALTO

PREVIEW

RUN

by Q uta i ba Sa l e h ,
Roche ste r Insti tute of T e chnol ogy

A digital multimeter which is used with the coil resistance testing apparatus. In this
experiment, we used 34465A KEYSIGHT™ Digital Multimeter. This is a link to the user
manual.
Automatic puffing machine to activate and run the ENDS under test to generate and collect
aerosols. In this experiment, we used the previously validated Programmable Emissions
System™ (PES™-1). Description of this machine can be found at:

Hensel, E.C.; Jayasekera, S.; Robinson, R.J (2018). Accounting for
effects of system dynamics to improve accuracy of emissions
reported in e-cig vaping machines. Inhalation Toxicology.
https://doi.org/10.1080/08958378.2018.1526232

Rubber tube to connect the mouthpiece of the pod to the inlet of the filter pad holder.
Laboratory wrapping film to fix the tube to the mouthpiece. In this experiment, we used
BemisTM ParafilmTM M Laboratory Wrapping Film.
Filter pads to collect aerosol. The types of the filter pad depends on the filter pad holder and
the puffing machine used.
A gravimeter. In this experiment, we used Mettler AE240 Analytical Balance gravimeter. The
manual to this device can be found at this link.
A camera to document status of the pods under test.

SAFETY WARNINGS

Use caution when handling of tobacco products.
Avoid inhaling the aerosol which might be released when opening the filter pad
holder or any other parts of the experiment setup.
The temperature of the pod after use could be high especially after continuous and
heavy use such as in this experiment.
The aerosol materials collected on the pad holder could be toxic.
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The ENDS devices uses lithium batteries. It is important to use caution when
working on the battery even if the battery is discharged. Short circuit connection
between the battery terminals could cause fire.
BEFORE STARTING

Assemble all the materials listed in the material page.

This protocol is for pod-style ENDS which typically consist of two user sub-assemblies.
The ENDS Pod is the removable pod which contains the heating coil, wick, e-liquid and
mouthpiece.
The ENDS Power Control Unit (PCU) contains the battery, electronic circuitry and user
interface.
Samples (pods) Preparation

1

Select the pods to be included in this experiment and execute all steps in this section on each
pod.

2

Visually inspect the pod for any damage due to shipping, storage, or any other reason. Exclude
any pods with damages.

3

Document the UID for all pods.

4

Visually inspect the color of the e-liquid in the pods and classify the pods based on e-liquid
color into Light or Dark. The pictures below gives examples of a pod with light e-liquid color
and a pod with dark e-liquid color. If possible, the pods can be classified into more than two
color groups.

4
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Vuse ALTO pod with light e-liquid.

Vuse ALTO pod with dark e-liquid.

5
Take a picture of the pod to document its color and undamaged status.
Before Conducting Puffing Session

6
Make sure the ENDS PCU is fully charged. If not, wait until it is fully charged before proceeding
to the next step. This step is to eliminate the effects of variable battery level on ENDS
performance. In this experiment, the ALTO ENDS was continuously connected to the charger
while the ENDS was being used, as allowed by the manufacturer.

The ENDS devices uses lithium batteries. It is important to use caution when
working on the battery even if the battery is discharged.

7

Take “Before” reading for coil resistance using coil resistance testing apparatus.
A protocol to build coil resistance testing apparatus for Vuse ALTO can be found using the link
below.

5
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Qutaiba Saleh, Edward Hensel, Risa Robinson. Coil Resistance
Testing Apparatus for VUSE ALTO. International Journal of
Environmental Research and Public Health.
http://dx.doi.org/10.17504/protocols.io.bibnkame

8

Take "Before" pod (the e-liquid reservoir and coil) mass and filter pad mass using gravimeter.

Taking "Before" pod mass.

9

Taking "Before" filter mass.

Install the filter pad in the filter pad holder.

Steps for installing filter pad in the filter pad holder.

6
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10

Connect the filter pad holder to its appropriate place in the emission system (PES-1 in this
case).

Hensel EC, Jayasekera S, Robinson RJ (2018). Accounting for effects
of system dynamics to improve accuracy of emissions reported in ecig vaping machines.. Inhalation toxicology.
https://doi.org/10.1080/08958378.2018.1526232

11

Install the ENDS pod in the ENDS PCU.

12

Connect the ENDS assembly to the emission system (PES-1 in this case). Use short
connecting tube to connect the mouthpiece of the pod to the inlet of the filter holder. Use
laboratory wrapping film to fix the tube to the mouthpiece.

ENDS assembly connected to the emission system using short connecting tube and wrapping film.

Run Puffing Session

13

Run trial based on the predefined puffing profile. The puffing profile used in this experiment
consists of uniform square puffs with 18.33 mL/Sec flowrate, 5.5 Sec puff duration, and 11
Sec puff interval. Based on the amount of e-liquid remaining in the pod, the number of puffs
per session is selected to be 20, 10, or 5 puffs. This is to increase the precision at which coil
7
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lifetime is measured.

After Puffing Session

14

10s

Remove the ENDS assembly from the emission system within

5s

00:00:05 of the conclusion

of the trial.

15

Remove the ENDS pod from the ENDS PCU and take “After” trial coil resistance measurement
using the coil resistance test apparatus. This measurement should take place as soon as the
session ends, this reading tries to assess coil resistance while it may still be warm due to
usage.

Qutaiba Saleh, Edward Hensel, Risa Robinson. Coil Resistance
Testing Apparatus for VUSE ALTO. International Journal of
Environmental Research and Public Health.
http://dx.doi.org/10.17504/protocols.io.bibnkame

16

Remove the filter pad from the filter pad holder within

10s

00:00:10 of the conclusion of the

trial and take "After" reading for filter pad mass.

Removing filter pad out of filter pad holder and placing it on the gravimeter to take "After" mass reading.

8
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17

Take “After” reading for pod (the e-liquid reservoir and coil) mass measurement using
gravimeter.

18
Document any other information relevant to the research question being investigated. It is
always important to take notes of facts such as (droplets condensed on the connecting tube
between pod and filter pad holder). Such notes could be critical in explaining anomalies and
understanding the final result.

19

Assess coil resistance of the pod.

If it is in the range of ~ 0.7 - 2 Ω, coil was not damaged (functional). If it is increased
to order of 400 kΩ, coil was damaged (failed). These coil resistance ranges are for
Vuse ALTO pods. Use appropriate values for other products.

Step 19 includes a Step case.
Functional
Failed
step case

Functional
Coil resistance is between 0.7 and 2 Ω.

20

Assess the amount of e-liquid left in the pod to determine the number of puffs to be used in
the next session trial. Profiles of 20, 10, 5 are used. As the amount of e-liquid in the pod was
consumed, profiles with a smaller number of puffs are used. This was to increase the
precision at which coil lifetime was measured.

go to step # 6 to conduct the next puffing

session.

Result Analysis

21

Some of the important data points produced in this experiment can be organized in a table to
simplified the later analysis as follows. The statistical mean and standard deviation can be
also added to this table as applicable.

9
Citatio n: Qutaiba Saleh, Edward C Hensel, Nathan C. Eddingsaas, Risa Robinson Measure Effects of Manufacturing Variations of
ENDS on coil Lifetime and Aerosol Generation https://dx.doi.org/10.17504/protocols.io.brbvm2n6
This is an open access protocol distributed under the terms of the Creative Co mmo ns Attributio n License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited

APPENDIX B. MEASURE EFFECTS OF MANUFACTURING VARIATIONS OF ENDS
ON COIL LIFETIME AND AEROSOL GENERATION
252

A
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B
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H
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liquid
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Particulate

Color

Mass

(Col. C -

Mater

Col.D)

(TPM) per
puff of First
Session

Pod 1
Pod 2
.........
........
Pod n
Mean
STD
Key data points produced in this experiment.

22

In addition to the statistical mean and standard deviation which are already mentionedThe
data in the table from the previous step can be analyzed test relations between the desired
variables this experiment focuses on.
Next is a list some of the suggested correlation test:
The correlation between initial coil resistance and coil lifetime.
The correlation between initial coil resistance and initial TPM.
The correlation between initial pod mass (or e-liquid net mass) and coil lifetime.
The correlation between initial pod mass (or e-liquid net mass) and initial TPM.
The MATLAB functions fitllim and corrcoef can be used make these tests

T-tests can be conducted to test the effects of e-liquid color:
T-test between coil lifetime of the pod with light e-liquid and dark e-liquid.
T-test between TPM of the pod with light e-liquid and dark e-liquid.
The MATLAB function ttest can be used.

23

Further analysis can be conducted for more understanding of the data. Plots can be used to
show the correlation of the experiment variables at the session level to explain their behavior.
Some the the suggested plots are:
Plot the coil resistance against the TPM at each session.
Plot the coil resistance against pod mass at each session.
Plot the pod mass against TPM at each session.

The results of the experiment conducted using this protocol is presented in our
article "Effects of Manufacturing Variation in Electronic Cigarette Coil Resistance
10
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and Initial Pod Mass on Coil Lifetime and Aerosol Generation". A link to the paper is
presented in the Metatdata section of this protocol.
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Appendix C

Dynamic Power Measurement Testbench for
Vuse ALTO

This protocol has been already published at Protocols.io [79]. It was exported and
included in this document for convenience.
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Dynamic Power Measurement Testbench
for Vuse ALTO
1 Works for me
Qutaiba Saleh

Rochester Institute of Technology

PROTOCOL INFO

Qutaiba Saleh: Dynamic Power Measurement Testbench for Vuse ALTO.
protocols.io
https://protocols.io/view/dynamic-power-measurement-testbench-for-vusealto-b8scrwaw
CREATED

May 04, 2022
LAST MODIFIED

Jul 07, 2022
PROTOCOL INTEGER ID

61988
GUIDELINES

General capabilities:
Comfortable with using hand tools such as screwdrivers, pliers, file, and tweezer.
Familiar with using Data Acquisition devices. The DAQ used in this protocol is DAQ
Module- NI-9205 which supports measurement of 16 differential voltage signals.
This link is for the data sheet of this module.
Familiar with using power tools such as a small drill.
General experience with electric circuits and uses of tools such as soldering iron.
MATERIALS TEXT

Vuse ALTO Electronic cigarette, to be disassembled and converted into a test fxiture.
Data Acquisition device such as Module- NI-9205 which supports measurement of 16
differential voltage signals.
Copper wires. High conductance thin wire is preferred.
Low resistance shunt resistor.
Breadboard.
Banana plugs are optional.
Soldering iron.
Hand tools such as small screwdrivers, pliers, file, and tweezer
Table vise
SAFETY WARNINGS

The next is a short list of safety advices. For comprehensive guidelines, please, follow
the standard safety procedures when working on electronic circuits or using the
1
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various tools in this protocol.

Use caution when dealing with:
Lithium battery. It is important to use caution when working on the battery even if
the battery is discharged. Short circuit connection between the battery terminals
could cause fire.
Electronic kit could contain capacitors which could cause electric shock or fire when
they discharge.
Soldering iron could lead to burn of the operator and material damage.
Using power tools such as drills.
BEFORE STARTING

Assemble all the materials listed in the material page.

This protocol is for pod-style ENDS which typically consist of two user sub-assemblies.
The ENDS Pod is the removable pod which contains the heating coil, wick, e-liquid and
mouthpiece.
The ENDS Power Control Unit (PCU) contains the battery, electronic circuitry and user
interface.
Preparation

1

Inspect the ENDS assigned for building the testbench to make sure that it is working fin and
that there are no damages. It also recommended to document the status of the device with
pictures taken for the six sides of the device as shown in the figure.

2
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Documentation of the device status with pictures of its six sides.

2

Discharge ENDS battery
This step is critical for the safety of the operator and the lab facility. The battery can be
discharged by using the ENDS until the battery is out of energy. The LED on the device flashes
10 times when the battery needs to be charged. This is a good indication that the battery is
discharged.

It is important to use caution when working on the battery even if the battery is
discharged. Short circuit connection between the battery terminals could cause fire.

3

Remove the pod from the PCU , if it is not already removed.

Open the ENDS PCU to access the Internal Component

4

Hold the device using a vice or any similar tool.
The device should be in an upside-down position as shown in the picture.

3
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Table top vise holding and ENDS PCU upside-down position.

5

Using a small screwdriver, poke the two small metal retainer-clips on both sides of the
device as shown in the figure top two pictures.
If a vise is not available, this step can be conducted by holding the device in one hand while
poking the retainer-clip with the other hand as shown in the figure bottom left picture.
These two clips can be totally pushed inside the device as shown in the figure bottom right
picture. In the next step, these clips will be taken out as shown in the picture in the next step.

Poke metal retainer-clips

4
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6

Pull the plastic end of the device with a pliers.
It could require some strength and shake to pull the end. In some devices, this step can be
performed with hands as shown in the figure left picture. It might also help to push the case
from the other side of the PCU with a plastic screwdriver as shown in the figure right picture.
Make sure not to damage the rubber gasket.

Pull internal plastic case

The plastic end of the device is part of an internal plastic case which contains all the internal
components of the device and it can be pulled out off of the external metal case as one unit as
shown in picture.

5
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Internal plastic case out of external metal case.

7

Remove the white rubber gasket from the external case.
This piece works as a separator between the internal case and the housing for the pod. It can
be easily removed by pushing it out of the case with a screwdriver, a pen, or any other similar
tool.
After removing the rubber gasket, the external metal case will look like an empty tube.

6

APPENDIX C. DYNAMIC POWER MEASUREMENT TESTBENCH FOR VUSE ALTO
261

Axial view of the ENDS external metal case and push rubber gasket.

8

Remove the plastic cover of the electronic kit .
It is a small black piece of plastic with white clear circle in the center. It can be easily removed
by hand as shown in the figure top picture. The white clear circle in the center is covering the
LED. At the end of this step, the internal case will look as shown in the figure bottom picture.

7
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Top view of the ENDS PCU internal plastic case with electronic connection points labeled.

9

Dislocate the battery and electronic kit from internal case.
This step can be performed by hand. A tool like a plastic tweezer can be also used to dislocate
the battery. Metal tools are not recommended to be used with the battery. It is also important
to be careful when handling the battery even if no metal tools are used.
This step will expose the wires which connected the components together as shown in the
picture below.
Three sets of wires are used in this device:
1. Long red and long white wires which connect the charging flat connectors to the electronic
kit.
2. Red and black wires which connect the battery to the electronic kit.
3. Short blue and black wires which connect the spring-loaded connectors to the electronic kit.

8
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Illustration of ENDS PCU electronic kit disassembly.

It is important to use caution when working on the battery even if the battery is
discharged. Short circuit connection between the battery terminals could cause fire.

10

Use a cutter to cut the black wire connecting the electronic kit to one of the spring
connectors as shown in the figure. Alternatively, a soldering iron can be used to disconnect the
black wire from the electronic kit.
This step will cause an open circuit between the spring connectors and thus the coil and the
electronic kit. This open circuit will be closed by inserting a shunt resistor and extra wires.

9
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Cutting wire connecting electronic kit to spring connector.

11

Remove the white rubber gasket surrounding the pressure sensor ( shown in the
picture in the previous step).
This step is to protected the gasket from damage in the next steps which include using
soldering iron close to this gasket.

Solder sensing wires probs

12

Soldering

13

Place pressure sensor gasket.

10
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14

Place white rubber gasket back to its place on the internal plastic case as shown in the figure.

Place rubber gasket back.

15

Place the electronic kit and battery back to their position in the internal plastic
case.

11
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Place electronic kit and battery back to their position in the internal plastic case.

16

Cut in the external metal case to make room for the wires to pass.
Make the cut along the center of the front side of the case from the bottom up to about 2 mm
from the LED hole.

17

Insert internal plastic case with its components back to the external metal case.

Insert internal components back to external metal case.

12
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Bread Board setup

18

Prepare bread board

19

Secure the ENDS on the breadboard using a zip tie

20

Initial Testing

21

An oscilloscope can be used for initial test.

13
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